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There is a Japanese visual art in which the artist is forced to be spontaneous. He must paint 
on a thin stretched parchment with a special brush and black water paint in such a way that 
an unnatural or interrupted stroke will destroy the line or break through the parchment. 
These artists must practice a particular discipline, that of allowing the idea to express itself 
in communication with their hands in such a direct way that deliberation cannot interfere. 
The resulting pictures lack the complex composition and textures of ordinary painting, but 
it is said that those who see will find something captured that escapes explanation. 
This conviction that direct deed in the most meaningful reflection, I believe, has prompted 
the evolution of the extremely severe and unique disciplines of the jazz or improvising 
musician. 
Group improvisation is a further challenge. Aside from the weighty technical problem of 
collective coherent thinking, there is the very human, even social need for sympathy from 
all members to bend for the common result. This most difficult problem, I think, is 
beautifully met and solved on this recording. 
As the painter needs his framework of parchment, the improvising musical group needs its 
framework in time. Miles Davis presents here frameworks which are exquisite in their 
simplicity and yet contain all that is necessary to stimulate performance with a sure 
reference to the primary conception. 
Miles conceived these settings only hours before the recording dates and arrived with 
sketches which indicated to the group what was to be played. Therefore, you will hear 
something close to pure spontaneity in these performances. The group had never played 
these pieces prior to the recordings and I think without exception the first complete 
performance of each was a "take". 
Although it is not uncommon for a jazz musician to be expected to improvise on new 
material at a recording session, the character of these pieces represents a particular 
challenge. 
Bill Evans' liner notes from the original 1959 LP of Miles Davis' KIND OF BLUE. 
© Columbia Jazz 1959. 
* * * 
The best years of my life have been passed in the ardent study of medical and chemical 
science. Chemistry, especially, has always had irresistible attractions for me, from the 
enormous power, the illimitable power which the knowledge of it confers. Chemists, I 
assert it emphatically, might sway, if they pleased, the destinies of humanity. Let me 
explain this before I go further. . 
IT 
Mind, they say, rules the world. But what rules the mind? The body. The body (follow me 
closely here) lies at the mercy of the most omnipotent of all potentates - the Chemist. Give 
me - Fosco - chemistry; and when Shakespeare has conceived Hamlet, and sits down to 
execute the conception - with a few grains of powder dropped into his daily food, I will 
reduce his mind, by the action of his body, till his pen pours out the most abject drivel that 
has ever degraded paper. Under similar circumstances, revive me the illustrious Newton. I 
guarantee that, when he sees the apple fall, he shall eat it, instead of discovering the 
principles of gravitation. Nero's dinner, shall transform Nero into the mildest of men, 
before he has done digesting it; and the morning draught of Alexander he Great, shall make 
Alexander run for his life, at the first sight of the enemy, the same afternoon. On my sacred 
word of honour, it is lucky for society that modern chemists are, by incomprehensible good 
fortune, the most harmless of mankind. The mass are worthy fathers of families, who keep 
shops. The few, are philosophers besotted with admiration for the sound of their own 
lecturing voices; visionaries who waste their lives on fantastic impossibilities; or quacks 
whose ambition soars no higher than our corns. The society escapes; and the illimitable 
power of Chemistry remains the slave of the most superficial and the most insignificant 
ends. 
Count Fosco's rhapsody in Wilkie Collins' THE WOMAN IN WmTE. 
III 
ACKNOWLEDGEMENTS 
I would like to thank my supervisor Prof. Philip Page for an unforgettable three years. I 
would also like to acknowledge SmithKline Beecham for their fmancial support. 
Thanks also to the past and present members of the Page group, especially to Colin for his 
advice and for being an excellent proof-reader. 
Most of all, I would like to thank my parents and all my friends, both old and new, who 
managed to keep me sane over the three years in Loughborough! 
N 
ABSTRACT 
This thesis has been divided into three sections. The biological activity and the synthetic 
approaches towards the total synthesis of phorbol have been reviewed in chapter one, our 
own research discussed in chapter two and experimental details outlined in chapter three. 
Chapter one comprises a review of the structure, isolation and biological activity of some 
naturally occurring phorbol esters and their biosynthesis. The role of protein kinase C in 
the wide variety of biological responses demonstrated by the phorbol esters has also been 
discussed. Coverage of the part played by phorbol esters in the elucidation of 
carcinogenesis has also been included. 
The various synthetic routes to the AB, ABC and ABD ring systems and the total synthesis 
of phorbol have also been discussed. A brief overview of our own IMDA approach to 
provide the tigliane framework has been included in this section. The review highlights the 
wide range of synthetic strategies which have been employed and includes the routes to 
date which provide the tigliane ring system enantiomerically pure. 
Our own research which involves an IMDA reaction as the key step towards the total 
synthesis of phorbol is presented in the second chapter. Two alternative routes towards the 
preparation of the oxygenated IMDA precursor have been discussed. 
The convergent strategy described herein achieves the rapid construction of the tigliane ring 
system as well as highly functionalised subunits and Diels-Alder adducts and demonstrates 
the potential for application towards the total synthesis of phorbol and related compounds. 
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ABBREVIATIONS 
Ac acetyl DMS dimethyl sulfide 
acac acetylacetone DMSO dimethyl sulfoxide 
AlBN 2,2' -azobisisobutyronitrile E ester group 
Am amyl EDCI 1-[3-( dimethylamino )propyl]-
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aq. aqueous El electrophile 
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cat. catalytic hr hour(s) 
dba dibenzyIideneacetone Im imidazole 
DBU 1,8-diazabicycIo[5.4.0]undec- IMDA intramolecular Diels-Alder 
7-ene 
DCC 1,3-dicycIohexyIcarbodiimide IMDAF intramolecular Diels-Alder 
reaction of furans 
DCM Dichloromethane IR infra red 
DDQ 2,3-dichIoro-5,6-dicyano-I,4- LDA lithium diisopropylamide 
benzoquinone 
DET diethyl tartrate LHMDS lithium hexamethyldisiIazide 
DIBAL Diisobutylaluminium hydride M molar 
DMAP 4-dimethylaminopyridine m.p. melting point 
DMBA Dimethylbenzanthracene m-CPBA meta-chloroperbenzoic acid 
DMF N, N-dimethylformamide Me methyl 
DMPU N, N'-dimethylpropyleneurea mg miIIigram( s) 
VI 
min. minute r.t. room temperature 
ml millilitre(s) SEM 2-(trimethylsilyl)ethoxymethyl 
mmol millimole(s) TBAF tetrabutylammonium fluoride 
Ms Mesyl TBOMS tert-butyldimethyl silyl 
MSTFA N-methyl-N-(trimethylsilyl) TBOPS tert-butyldiphenylsilyl 
trifluoroacetamide 
"Bu n-butyl TBHP tert-butylhydroperoxide 
NMO 4-methylmorpholine-N-oxide tBu tert-butyl 
NMR nuclear magnetic resonance Tf triflate, 
trifluoromethanesulfonyl 
P protecting group TFA trifluoroacetic acid 
PCC pyridinium chlorochromate TIIF tetrahydrofuran 
POBu phorbol-12,13-dibutyrate TIPS triisopropylsilyl 
POC pyridinium dichromate TLC thin layer chromatography 
Ph phenyl TMEOA N,N,N',N'-
tetramethylethylenediamine 
Piv pivaloyl TMS trimethylsilyl 
PKC protein kinase C TPA tetradecanoylphorbol acetate 
PMA phorbol myristate acetate TPAP tetra-N-propylammonium 
perruthenate 
PP pyrophosphate Tr trityl 
PPTS pyridinium para- Ts tosyl 
toluenesulfonate 
Pr propyl UV ultra violet 
PTSA para-toluenesulfonic acid V volt(s) 
pyr. pyridine X leaving group 
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CHAPTER ONE - INTRODUCTION 
1.1 INTRODUCTION 
1.1.1 Structure of PhorboI 
Phorbol (1), the parent molecule of the naturally occurring phorbol esters, belongs to a 
group of natural products that are based on the tigliane nucleus. I These compounds have 
elicited a great deal of interest, being the first pure tumour-promoting agents2 to be 
isolated from natural sources and remain the most potent promoters known.3 
" 
OH 
1 
Phorbol 
A common but non-systematic numbering system has been used.4 Phorbol (1) is a 
novel tetracyclic polyol, consisting of a five membered A ring, a seven membered B 
ring, a six membered C ring and a three membered D ring. The A and B rings are trans 
fused, as are the B and C rings, while the C and D rings are cis fused. Phorbol contains 
an a,p-unsaturated ketone in the A ring, a primary hydroxyl group at C-20, a secondary 
hydroxyl group at C-12 and tertiary hydroxyl groups at C-4, C-9 and C-13. This 
complex molecule contains eight contiguous asymmetric centres, six of which are 
located on the C ring. 
1.1.2 Isolation and Characterisation of Phorbol Esters 
Phorbol occurs naturally in the form of its C-12, 13-diesters and the C-12, 13, 
20-triesters. The latter are known as "cryptic" compounds as they lack the well known 
pro-inflammatory and tumour-promoting activities of the C-12, 13-diesters in vivo. The 
triesters can be converted into their biologically active derivatives on removal of the 
2 
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C-20 acyl group by mild acid- or base-catalysed hydrolysis.5 A series of eleven closely 
related C-12, 13-diesters was originally isolated from the seed oil of Croton tiglium, 
which is derived from the milky sap of a leafy shrub found in south-east Asia. Phorbol 
esters have subsequently been isolated from eight individual species of four genera of 
the plant family Euphorbiaceae.6 Considering the importance of the esters of this 
tigliane polyol to biochemical research, it is interesting that their distribution in the plant 
kingdom is still restricted at the present time, confined to only one plant family. In fact, 
phorbol is one ofthe rarer natural products of this family of diterpenes. 
o 
2 
~o 
3 Br 
The phorbol esters are unstable compounds which readily undergo oxidation, 
hydrolysis, transesterification and epimerisation reactions during their isolation. 
Phorbol was originally isolated in 1934 by Bohm 7 as a hydrolysis product of Croton 
tiglium oil. The correct empirical formula was reported in 1966 by Hecker and his 
group in Heidelberg,8 but its structure remained elusive with several erroneous 
structures being initially proposed.9 Determination of the structure of phorbol was 
finally achieved by X-ray crystallography of neophorbol-13,20-diacetate-3-p-
bromobenzoate (2),10 and was later confirmed by X-ray analysis of phorbol-
bromofuroate (3),11 and of phorbol itself.12 The structure and stereochemistry of 
phorbol was also derived by Crombie using chemical methods. 13 
3 
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1.2 BIOLOGICAL ACTIVITY. 
Phorbol is spread throughout the Euphorbiaceae species which, being something of a 
taxonomic dustbin, encompasses a vast range of tropical plants, weeds and ornamental 
house plants such as the Christmas Rose, Poinsettia (E. plucherrina). The medicinal 
properties of the Euphorbiaceae family have long been appreciated, in fact the whole of 
the genus Euphorbia owes its name to King Juba n of Mauritania (25 B.C.) who 
honoured a succulent species prized for its curative powers by naming it after his 
physician, Euphorbos, who was said to be equally fleshy.14 
In folklore medicine, the plant extracts were used to treat growth tumours,15 migraine, 
parasite infections, venereal disease, skin conditions and as purgatives and 
abortifacients.14. 16 One should note that the treatment had a rather efficient "kill or 
cure" mechanism,17 and it is believed that Anthony and Cleopatra fatally poisoned one 
of their children in this way. 
In the Amazon, extracts from E. poisonii are also used as arrowl8 and fish poisons. 19 
The pimelea species have been responsible for cattle poisoning20 but can also be used to 
a farmer's advantage as fencing to keep predators out and to keep the livestock within 
the fields.21 Plants from different species can be used for a variety of medicinal 
purposes. In Nigeria, extracts from E. balsamifera Ait are used to treat gonorrhoea and 
gingivitis, and Elaephorbia drupifera StapJ, despite being a severe blistering agent, is 
used for snake and insect bites, warts and ringworm.22 Most species have been removed 
from the British Herbal Pharmacopoeia, however, it must be noted that not all 
Euphorbiaceae are necessarily poisonous. Euphorbiahirta or E. pillulfera is used in 
India as a popular remedy for bronchitic asthma, upper respiratory catarrh and laryngeal 
spasms,23 and is also included in the British Herbal Pharmacopoeia. The drug is also 
said to have anti-asthmatic, spasmolytic and expectorant properties. When this plant 
was investigated for the presence of tumour-promoting diterpenes, it was found to be 
negative. 
Not all phorbol and related esters are tumour-promoting agents and their structure-
activity relationships are now wen understood. For example, the phorbol triesters, 
4 
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4a.-phorbol esters, 20-deoxyphorbol esters, some daphnane esters and the macrocyc1ic 
diterpenes do not possess this toxic activity.22 
Nevertheless, the toxicological properties of these plants can be very severe.23,24 They 
induce inflammation ofthe skin25 and mucus membranes,26 conjunctivitis,27 and are also 
found to be tumour-promoters.28 Tetradecanoylphorbol acetate (TPA) (4) is the most 
potent tumour-promoter known to man,29 active at levels of O.021lmol. TPA, or PMA 
(phorbol myristate acetate), is a known co-carcinogen as its mode of action requires 
exposure to a carcinogen. 
OCO(CH2)12CH3 
",OAc 
HO 
OH 
4 
Tetradecanoylphorbol acetate (TPA) 
The first example indicating the relevance of tumour-promoters to human 
carcinogenesis was provided by Weber and Hecker in 1978.30 It was proposed that the 
high rate of oesophageal cancer among the natives of Curacao was due to the 
consumption of a tea derived from the bush Croton falfens. This bush tea was found to 
contain tumour-promoting agents similar to those found in croton oil. 
Tumour-promoters are compounds which by themselves are not carcinogenic, but, if 
administered in significant amounts after the exposure of an animal to a sub-effective 
dose of carcinogen, are able to lead to the rapid onset of tumours. The action of a 
carcinogen (initiator) is irreversible; conversely, when the tumour-promoter is 
administered before the initiator, tumours do not arise, showing the action of the 
promoter to be reversible.31 The identification of tumour-promoters is therefore as 
important as the identification of carcinogens. 
5 
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Cancer is generally recognised as a genetic disease with the mechanism of 
carcinogenesis being the focus of global research for most of this century ,22,32 however, 
there is stilI much to be discovered about how gene defects are translated into malignant 
tumours. Such knowledge is essential for the diagnosis, treatment and prevention of 
cancer. As a result, research into the molecular mechanism of carcinogenesis spans 
much of this century. 
An insight into the tumour-formation process was provided by Berenblum33 in 194 I, 
who, over a number of the preceding years had been studying the role of irritation in 
carcinogenesis. 
Exp. TREATMENT TUMOURS 
1 + 
2 
• 3 DDDDDDDDDD 
4 
.DDDD ++ 
5 DDDD. 
Initiator (DMBA), large dose 
• Initiator (DMBA), small dose 
D Promoter (Croton oil) 
Figure 1 
Berenblum carried out tests usmg the known carcinogen dimethylbenzanthracene 
(DMBA) as the initiator, applying the carcinogen in quantities which would not lead to 
tumour growth (a sub-effective dose). Subsequent exposure of the mice to Croton 
tiglium oil, led to the development of tumours, (see Figure 1 expo 4), whereas mice 
exposed to sub-effective doses of carcinogen (exp. 2) or the promoter (exp. 3) alone, 
were free from malignancies. Additionally, no growth was shown in mice subjected to 
the promoter followed by a sub-effective dose of the carcinogen (exp. 5). This was 
6 
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taken as evidence that the carcinogenic process was composed of two separate 
mechanisms, initiation and promotion. It is important to point out the small quantities 
of chemicals required to produce a high tumour yield when an initiator and promoter 
are combined - at least tenfold less than by repetitive application ofDMBA alone. 
An important step forward was made in 1944 by Mottram/4 who demonstrated that a 
single application of 3,4-benzpyrene, followed by repeated applications of croton oil, 
was sufficient to lead to tumour formation. Initiation must therefore be almost 
instantaneous. Due to the war-time conditions these experiments were performed on an 
insufficient numbers of animals, however the results were later confirmed by 
Berenblum. Over the next five years, Berenblum showed that tumour induction was 
only observed when treatment with croton oil followed a single application of 
carcinogen,35 and that the application of croton oil could be delayed by up to 43 weeks 
after treatment with the carcinogen and still be effective,36 showing that the initiation 
phase was irreversible. 
The terms "initiation" and "promotion", proposed by Friedewald and Rous in 1944, 
have been generally accepted as terms to describe the carcinogenic process.37 It is 
important to note that the processes of promotion and cocarcinogenesis are not 
synonymous. Cocarcinogenesis describes a situation in which response to a carcinogen 
is increased by a second factor introduced in parallel to the carcinogen, while promotion 
denotes a specific step in the sequence of events leading to tumour formation. Thus 
promoting agents can be cocarcinogens and vice versa. Additionally, due to the two-
stage theory of carcinogenesis, a complete carcinogen has to have both initiating and 
promoting properties. Further studies on multistage carcinogenesis revealed that the 
initiation/promotion process occurs in a wide variety of organs and species.22 
In 1968, Hecker and Van Duuren independently isolated and established TPA as the 
structure of the most active component of croton oil. TP A is non carcinogenic, but is a 
tumour-promoter. The C-I2 and C-13 esters must play a role in this activity as phorbol 
itself is not a tumour-promoter.2, 38 A high degree of structural specificity is required 
for the activity of the phorbol esters to act as irritants and promoters, and removal of the 
long chain moiety (tetradecanoate) results in complete loss of biological activity. The 
4a~hydroxy derivative of TPA is also inactive as a promoter, showing that the 
7 
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epimerisation of a single asymmetric centre is sufficient to cause dramatic changes in 
the activity of the molecule.39 
Phorbol esters are responsible for a wide range of responses in different tissues. These 
include tumour promotion,5 cell proliferation,40 activation of blood platelets,41 
lymphocyte mitogenesis,42 inflammation43 and prostaglandin production.44 
1.2.1 Mode of Action ofPhorbol Esters 
The structural specificity of phorbol derivatives in biological systems implied that there 
was a specific receptor site for the phorbol esters. The C-12, 13-diesters are 
amphiphilic in nature, the acyl function increasing the lipid solubility of the inactive 
polar polyo1.39 Further evidence for the phorbol ester receptor was obtained from 
pharmacological experiments. Phorbol esters are active at nanomolar dose levels and 
their activities may be inhibited by a variety of pharmacological inhibitors. The search 
for a phorbol ester binding site concluded in 1982 when Castagna et al.45 showed that 
TP A bound to the phosphorylase kinase, protein kinase C. 
Protein kinase C (PKC), was first discovered by Nishizuka in 1977.46 Its discovery as 
the major receptor for phorbol esters was a major breakthrough in this area of 
research.47 PKC is present in almost all forms of tissue and plays a crucial role in a 
multitude of cellular processes, ranging from control of fundamental autonomous cell 
activities, such as proliferation, to higher level organism functions, such as memory.48 
The ubiquitous presence ofPKC helps to explain the broad range of biological activities 
previously observed for phorbol esters. PKC requires Ca2+ and phospholipid, 
particularly phosphatidyl serine, for its activation. However, diacylglycerols can bind to 
PKC, greatly increasing its affinity for Ca2+, thus fully activating it with no net increase 
in the calcium ion concentration.49 Diacylglycerol is normally almost absent from cell 
membranes but is produced during the breakdown of inositol phospholipids in response 
to extracellular signals caused by such effectors as hormones, neurotransmitters, growth 
factors and oncogenes. Diacylglycerol is also short-lived in the cell membrane due to 
its conversion back to inositol phospholipids and its degradation into arachidonic acid 
used in prostaglandin and thromboxane synthesis.47 Phorbol esters can act as extremely 
8 
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efficient and stable substitutes for diacylglycerols and pennanently activate PKC at 
extremely low concentrations. For this reason, phorbol derivatives are used in a 
plethora of experiments to investigate the role of PKC. After twenty-two years of 
investigation, PKC has been found to exist as a family of twelve isozymes. The 
isozymes can be split into three families, conventional PKCs (pKC" PKC~}, PKC~2' 
PKCy), novel PKCs (PKCs, PKC., PKCl]' PKCe), atypical PKCs (PKC" PKCc,) and 
finally the recently discovered PRKs 1-3. All the isozymes have broadly overlapping 
substrate specificity, and are involved in a bewildering array of biological processes.48 
The conventional and novel PKCs are both activated by phorbol esters in the presence 
of phosphatidyl serine. The involvement of PKC isozymes in cellular signal 
transduction, which can result in either differentiation or uncontrolled cellular 
proliferation, makes them attractive targets for chemotherapeutic intervention against 
cancer. 
The wide variety of biological responses demonstrated by phorbol esters, through 
activation of PKC, has made them important leads in the study of not only cancer but 
also inflammation, cardiovascular disease, cystic fibrosis, AIDS and memory 
development. 51 
1.2.2 A Pharmacophore Model for PKC Activation 
In addition to the phorbol esters, other naturally occurring tumour-promoters such as 
ingenol, dihydroteleocidin (5), aplysiatoxin, and the bryostatins have been identified as 
PKC activators.52 The structural diversity of some of these promoters prompted 
research into the phannacophore requirements of PKC activation. Phorbol esters exert 
their activity without being chemically changed, making elucidation of their structural 
requirements more difficult. Computer modelling has played an important role in this 
area of research.53 Results have shown that various activators of PKC, including 
diacylglycerols e.g. (6), possess a common set offunctionalities, shown below. 
9 
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OCO(CH')12CH, 
4 5 
Scheme 1 
Three electron-rich regions (heteroatoms) and a lipophilic group all spatially oriented in 
a well-defined manner appear to be necessary for recognition of the substrate by PKC 
and its subsequent activation. The high binding affinity to PKC for compounds with at 
least the three-point pharmacophore suggests that highly optimised hydrogen bonds are 
formed between these atoms and the enzyme. Recently, Rando has proposed the 
structural requirements for a minimal activation unit for PKC.54 In this, the three 
heteroatoms occupy the corners of a planar, nearly equilateral triangle with sides 
approximately 2.4-2.7 A in length.54 This suggests that the tumour-promoters define the 
maximum distances allowed between the heteroatoms, rather than the exact distances. 
Through molecular modelling studies using the NMR-determined solution structure of 
PKC", Blumberg55 has shown that, in the case of the phorbol esters, the oxygen at C-20 
contributes most to the overall binding energy and that the carbonyl at C-3 also plays a 
significant role. The results also suggest that the C-9 hydroxyl and the carbonyl at C-13 
are involved in PKC binding, while the oxygen at C-4 is of minimal significance. The 
oxygen atom at C-12 is not directly involved in the interaction between phorbol esters 
and PKC, but a long-chain hydrophobic portion at C-12 is necessary for penetration of 
the membrane. 
10 
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Recently Blumberg also solved the X-ray structure for the complex formed between 
phorbol 13-acetate and PKCS.56 If the X-ray data is used as the basis for the molecular 
modelling studies the oxygen atoms at C-3 and C-20 are important for binding, but now 
the C-4 oxygen and not the oxygen at C-9 is the third binding point. 
The discrepancies in the estimations of the specific location of the oxygens used to bind 
phorbol esters to PKC may arise, in part, to the different nature of the measurement 
processes. One factor in the X-ray data may be that phorbol 13-acetate was chosen for 
its aqueous solubility and binds only weakly to PKC. This raises the possibility that 
there may be a different binding mode operating with the more strongly bound ligands. 
The X-ray data also reflects the structure in the solid state, which may well be 
considerably different from that measured by NMR spectroscopy in solution. A more 
important factor is that all the modelling studies were carried out in the absence of 
phospholipid, which is known to be involved in the natural binding process, thus neither 
of these two structures may be truly representative of the receptor in its natural state. 
Nevertheless, there are two structures for a ligand bound to PKC which have a high 
level of agreement between them, and so both structures should be useful as models for 
PKC binding. 
Shibasaki recently carried out work on the PKC binding affinity and biological activity 
of substituted phorbols (7) and (8).57 The synthesis of (7) and (8) is described in section 
1.4.2. 
OCO(CH2)I2CH, OCO(CH2),FH, 
OH 
7 8 
The in vitro binding affinity of (7) and (8) relative to that of TP A, was evaluated by 
standard procedures including measurement of the extent of binding of tritium-labelled 
phorbol-12,13-dibutyrate (eH]PDBu]) to PKC. Not surprisingly, (7) showed no 
biological activity. However, (8), which appears to have all the necessary structural 
11 
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features, showed approximately lOO-fold lower activity than TPA. These results 
suggest either that the C-II methyl and/or the C-13 acetoxy groups of TPA are also 
responsible for its high binding affinity to PKC. It is also possible that the long chain at 
C-12 instils too much hydrophobic character in the deacetoxy analogue (8) resulting in 
different hydrophobic interactions with phosphatidyl serine or PKC. This work has 
prompted the synthesis of phorbol analogues which contain a shorter chain at C-12 
and/or a methyl group at C-II of the C ring. The binding affinity of (8) and various 
analogues to each ofthe PKC isoforms is also under investigation by Shibasaki.57 
A pharmacophore model for the activation of PKC provides the opportunity to identify 
other tumour-promoter candidates, and has led to the design of non-natural compounds 
which have been shown to be competent activators of PKC.58 These new agents and 
this predictive model should provide greater knowledge ofthe molecular role ofPKC in 
tumour promotion as well as in normal cellular signal transduction. 
1.2.3 Phorbol Esters as Photoaffinity Ligands for PKC 
Compound (9), isolated from Sapium indicum, is the first nitrogen-containing derivative 
of phorbol.59 The 2-methyl aminobenzoyl moiety at C-12 causes the molecule to 
exhibit pronounced blue fluorescence in UV light, and as a result (9) is important in the 
study of the interaction of phorbol esters with membrane proteins in vitro. 
H3
CHNYn 
oy0 
o 
\\OAc 
9 
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The use of photoaffinity labelling has also been very useful in identifying PKC as the 
specific receptor for phorbol esters and serves as a promising approach to the 
identification of the PKC subunits directly involved in diacylglycerol or phorbol ester 
binding. However, early photoaffinity labelling studies using photolabile phorbol esters 
and mouse brain or rat epidermal membrane fractions, did not result in the specific 
labelling of any receptor proteins. The failure of these attempts to label PKC could be 
due, in part, to the positioning of the photolabile groups in the bound complex 
preventing their interaction with PKC, the insufficient reactivity of the labelling 
functionality (nitrenes derived from acyl azides), or the extremely Iow content of PKC 
in these fractions. 
In order to address the above problems, Wender has reported a new class of 
photoaffinity ligands.60 These are phorbol esters that incorporate a carbene precursor, in 
the form of a diazoacetyl group at C-3, C-12 and C-13 of the phorbol skeleton. The 
diazoacetyl group is a carbene precursor with minimum steric requirements and may be 
photoactivated at 254 nm. Although this wavelength is potentially damaging to 
proteins, carbene generation is sufficiently rapid to minimise degradation and the 
derived carbene is sufficiently reactive to readily enter lipophilic as well as hydrophilic 
regions. This character seems to be especially important for photo labelling of PKC 
since previous photoaffinity labelling of PKC using aryl azide derivatives of phorbol 
esters and teleocidins failed.61 The most serious drawback of the diazoacetyl group as a 
photoaffinity label is its propensity for Wolff rearrangement to a ketene. A model 
experiment using (11) gave only a Iow level of the rearrangement product, establishing 
its potential as a photoaffinity label. Wender's synthesis of (11) is outlined in Scheme 
2. 
13 
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OR' OCO(CH,),CH, 
I: R=R'=H 
Ib: R = R' = CO(CH,),CH, 
a, b, c 
~ 
""" ",OCO(CH,),CH, 
OCO(CH,),CH, 
dr;..IOa: R=OH 
r lOb: R = OCOCH,NHBoc e,f~IOc: R=OCOCHN, 
~g 
OCO(CH,),CH, 
11 
(a) [CH,(CH,hCO],O, DMAP, Et3N, DCM, 43%; (b) NaBH., CeCI" MeOH; (c) TBAF, THF, 
78%; (d) Boc-Gly, DMAP, Et,N, DCC, THF, 77%; (e) IM HCI, AcOH; (t) NaNO" H,O-
DCM, H,SO., 40%; (g) Ba(OH)" MeOH, 54%. 
Seheme2 
Phorbol (1) was treated with butyric anhydride, DMAP and triethylamine to give 
phorbol 12,13,20-tributyrate (lb). Sodium borohydride reduction of (lb) in the 
presence of cerium (Ill) chloride, followed by treatment with tetrabutylammonium 
fluoride (TBAF), gave exclusively the 3/3-hydroxy isomer (lOa). Compound (lOa) was 
then condensed with Boc-glycine using DCC, DMAP and triethylamine to give the 
glycinate (lOb). Cleavage of the Boc group by IM HCl in acetic acid, followed by 
treatment of the resulting amine with sodium nitrite and sulfuric acid in 
water/dichloromethane provided the diazo ester (lOe). Since the diazoacetyl group is 
acid labile, barium hydroxide and ammonium hydroxide were found to cleave 
selectively the C-20 butanoyl group to give the desired diazoacetyl derivative (11). 
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o HO 
OH 
OCO(CH,),CH3 
12 
OR 
OCO(CH,),CH3 
d r 13a: R = COCH,NHBoc 
c, "'13b: R = COCHN, 
(a) [CH3(CH,),CO],O, Et3N, THF-DCM, 52%; (b) Boc-Gly, DMAP, Et3N, DCC, TIIF, 79%; 
(c) !M HC!, AcOH; (d) NaNO" H,O-DCM, H,SO.; (e) Ba(OH)" MeOH, 59%. 
Scheme 3 
The synthesis of (14), incorporating a diazoacetyl group at C-12, was carried out in a 
similar fashion to that involved in the preparation of (11) and is described in Scheme 3. 
Phorbol (1) was selectively butanoylated at C-13 and C-20 with butyric anhydride and 
triethylamine to give (12). Condensation of (12) with Boc-glycine gave the glycinate 
(13a). After removal of the Boc group of (13a), the resulting amine was diazotised by 
the above-mentioned procedure to give (14). 
IS 
OH 
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OH 
b' 15.: R ~ qC.H,), 
~15b: R~H 
OCO(CH,),CH, 
o HO 
OCO(CH,),CH, 
d e ,16.: R ~ COCH,NHBoc 
, ~16b: R ~ COCHN2 
(a) Boc-Gly, DMAP, Et,N, DCC, THF, 33%; (h) HClO" MeOH, 84%; (c) [CH3(CH')2COhO, 
Et,N, THF-DCM, 86%; (d) lM HCl, AcOH; (e) NaN02, H20-DeM, H2SO" 20%; (t) 
Ba(OH)z, MeOH, 67%. 
Scheme 4 
The synthesis of the third affinity labelling candidate (17), bearing a C-13 diazoacetyl 
group, required a slight modification of the procedure used for (14) (Scheme 4). 
Phorbol-20-trityl ether (la) was condensed with Boc-glycine to give the C-13 glycinate 
(ISa). After cleavage of the trityl group by perchloric acid, the resulting C-20 alcohol 
(ISb) was butanoylated to give (16a). Compound (16a) was subjected to acid treatment 
followed by diazotisation to give (16b). The desired diazoacetyl compound (17) was 
obtained by the alkaline treatment of(16b). 
Potentially useful photoaffinity ligands must meet certain criteria. The photoconversion 
of compound (11) as a model nucleophile in the presence of methanol was studied to 
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detennine its photolytic fate and ability to serve as a labelling agent. The results 
showed >50% solvent insertion products, which is suitable for the requirements of a 
PKC receptor probe. Affinity labels also need to be isotopically labelled. Tritium 
incorporation into the probes (11), (14) and (17) was accomplished by oxidation with 
activated manganese dioxide to give the C-20 aldehydes and subsequent reduction with 
tritium-labelled sodium borohydride. 
It has been shown that the cysteine-rich sequence in the PKC regulatory domain is 
sufficient for phorbol ester binding,63 A collaboration between the groups of Wender 
and Irie has explored the use of truncated versions of PKC as more readily available 
surrogates of the phorbol ester binding domain.6o. 63 This led to the solid phase 
synthesis of peptide C, a model peptide incorporating the phorbol ester binding domain 
of rat brain PKC,. The similar binding behaviour of peptide C and native PKC with 
phorbol esters and the NMR behaviour of peptide C indicate that peptide C emulates the 
structural features of the regulatory domain ofPKCy in its ability to recognise activators 
and thus could be used to investigate the structural requirements for PKC activation by 
phorbol ester-type turnour-promoters.63,64 
The three photo affinity phorbol esters (11, 14 and 17) all bind to peptide C with high 
affinities. Of these probes, (14) and (17) showed approximately lO-fold stronger 
binding affinity than (11), suggesting that the groups at C-3 affect binding either 
directly or through indirect influence on the adjacent C-4 hydroxyl group. Previous 
structure-activity and molecular modelling studies suggest that oxygens at C-9, C-20 
and C-3 or C-4 ofthe phorbol esters interact with PKC while the C-12 and C-13 esters 
interact with phosphatidylserine. On the basis of this, attachment of a diazoacetyl group 
at C-3 rather than at C-12 or C-13 could allow the photoaffinity labelling of PKC. 
However, the results obtained by Wender seem to suggest that the C-3 position of the 
phorbol ester could be positioned between PKC and the phospholipids rather than 
deeply embedded in either. Thus, the oxygen at C-3 could be involved in interaction 
with the polar serine molecule, and the ester groups at C-12 and C-13 could interact 
with both the non-polar groups of the phosphatidylserine and peptide C. 
The specific labelling of peptide C by (14) and (17) was not great enough to detennine 
the labelled amino acid residues of peptide C. However, as the first demonstration of 
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the photo labelling of the PKC regulatory domain using photolabile phorbol esters, it 
suggests that this approach could lead to identification of the amino acid residues with 
which phorbol interacts. Wender is carrying out further studies to enhance the labelling 
yield of peptide C by these newly designed photoaffinity probes, though no results have 
been reported as yet. 
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(a) TrCI (3 eq), pyr., 23°C, 56%; (b) Boc-Gly (5 eq), DCC (2.5 eq), Et,N (1 eq), THF, 
o ~ 23°C, 76%; (c) I-pyrenebutyric acid (C"H15COOH, 2 eq), EDCI.HCI (2 eq), 
DMAP (1 eq), THF, 0 ~ 23°C, 91%; (d) TFA, O°C, 99%; (e) ;AmONO (30 eq), 
AcOH (1 eq), 10%)AmOH-CHC13, 0 ~ 23°C, 53%; (t) Mn02, DCM, 60%; (g) 
eHJNaBH4 (13.6 C;lmmol), 65% based on the eHJNaBH4. 
SchemeS 
Shibasaki has also reported the synthesis and use of a photoaffinity ligand and its 
specific crosslinking to PKC.65 This photoaffinity ligand was reported the year before 
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Wender's, and it also makes use of a diazoacetyl group as a carbene precursor. The 
phorbol ester (18) was synthesised from phorbol as shown in Scheme 5. 
After selective protection of the C-20 hydroxyl ofphorbol (1) as a trityl ether, the C-13 
hydroxyl was selectively acylated with Boc-glycine to give (20). The C-12 alcohol was 
acylated with I-pyrenebutyric acid affording (21), and removal of the trityl and Boc 
groups was then accomplished on treatment with TFA. Final conversion of the amino 
group to a diazo group was achieved on reaction of (22) with isoamyl nitrite-acetic acid 
giving the desired (18). Tritiated (18) was prepared by oxidation of the C-20 hydroxyl 
to the corresponding aldehyde (23) with manganese dioxide and subsequent reduction 
with eH]sodium borohydride. 
Binding of eHl-(18) with PKC gave the first example of specific photolabelling ofPKC 
with a phorbol derivative. The crosslinking of (18) to PKC indicates that the 
diazoacetyl group at C-13 is located in close proximity to the protein in the ligand-PKC-
phospholipid complex. This implies that the C13-acyl function is strongly implicated as 
important in PKC-ligand interactions. 
1.3 BIOSYNTHESIS OF PHORBOL 
No detailed studies of the biosynthesis of compounds based on the tigliane, ingenane, 
daphnane and related hydrocarbon skeletons appear to have been published. However, 
there can be little doubt that these compounds are derived through the classical acetate-
mevalonate (24) pathway typical of other terpenoid compounds.66 
In 1962, several groups reported the isolation of a 14-membered ring diterpene that was 
formed by a head-to-tail condensation of a tetraprenyl pyrophosphate ester (25). The 
first l4-membered ring diterpene, cembrene, was characterised by Dauben.67 
Subsequently, Robinson and West68 characterised and isolated casbene (27), from 
Ricinus communis L. Robinson and West also showed that geranyl-geranyl 
pyrophosphate serves as a precursor to casbene, showing that an alternative route to 
diterpenes involving head-to-tail condensation and resulting in a macrocyclic structure 
must exist. 
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Scheme 6 
Adolf and Hecker69 proposed a likely biosynthetic relationship between various 
diterpenoid compounds of the Euphorbiaceae and T1zymelaeaceae, based primarily on 
the work of Robins on and West (Scheme 6). Adolf and Hecker's hypothesis was given 
further weight when Crombie et al.7o reported the total synthesis of all trans 
IS, 3R-(-)-casbene and proved it was chemically and spectroscopically identical to the 
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naturally occurring sample. Kodama7! also synthesised 3E,7E,IIE-cembrene, again 
finding it indistinguishable from the product isolated from natural sources. 
This evidence led Adolf and Hecker to support the suggestion of Robinson and West, 
that casbene was derived from a cembrene cation, which in turn was derived from 
geranyl-geranyl pyrophosphate. Both cembrene and casbene were considered to be 
plausible precursors ofthe jatrophanes with cyclisation of casbene to give the lathyranes 
and subsequently the tiglianes, daphnanes and ingenanes. 
Fuchs et al.72 later carried out a biomimetic study into the conversion of phorbol to 
12-hydroxydaphnetoxin (Scheme 7). They envisaged that the presence of an alcohol 
group at C-16 would aid the C-9 ester-assisted cyclopropyl carbinyl rearrangement (28) 
~ (29). Formation of the dioxolenium ion (29) would thus lead to addition of the 
hydroxyl at C-13 to give the daphnetoxin (30). 
OR' 
28 29 30 
R = CH3, R' = R" = R'" = COCH3 
Scheme 7 
Using a model system derived from (+ )-carvone, Fuchs found that SUbjecting the diol 
(31) to base and one equivalent ofp-toluenesulfonyl chloride initiated the ester-assisted 
cyclopropyl carbinyl rearrangement. Unfortunately, the ''wrong'' cyclopropane bond 
had undergone cleavage, leading to the formation of the /3, y-unsaturated ketone (32). 
This was a likely consequence oflone pair assistance from the tertiary alcohol, which is 
converted into the ketone (Scheme 8). This phenomenon has also been noted during 
attempts at acid- and base-catalysed orthoester formation from phorbols and 
daphnanes.73 
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32 
Banthorpe has postulated that ingenanes could be derived from the tigliane family 
through a Wagner Meerwein shift, not an unusual occurrence in biosynthesis.74 A 
transfonnation in the reverse direction, producing a tigliane skeleton from an ingenane 
starting material has been reported by Hecker/s thus lending support to the suggestion 
that ingenanes are derived from tiglianes in the plant. The biosynthesis of daphnanes 
could also be explained in tenns of the shift of the isopropyl group to the adjacent 
carbon, either at the cembrane stage or after the fonnation of a rhamnifolane. However, 
this appears to be unlikely as the phytochemical literature contains several examples of 
tiglianes and daphnanes co-occurring, but not rhamnifolanes and daphnanes. This 
implies that daphnanes are more closely related to tiglianes than to rhamnifolanes. 
33 34 
R = CO(CH=CH)3(CH,),CH3 R = (CH=CH),(CH,),CH3 
Adolf and Hecker76 have also put forward mancinellin (33) as a putative biochemical 
precursor of a daphnane polyol ester, huratoxin (34) with which it co-occurs. It is 
envisaged that the orthoester is produced by hydroxylation at C-14 of (33), followed by 
oxidative ring-opening of the cyclopropane ring. Subsequent reduction of the ketone 
followed by dehydration would lead to the fonnation of the orthoester. 
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1.4 SYNTHETIC ApPROACHES TOWARDS THE TIGLlANE RING SYSTEM 
There has been much interest over the past twenty years in the synthesis of phorbol. 
This is a result of the synthetically challenging complexity of the molecule, and the 
important biological activities of the phorbol esters. Another objective in the various 
approaches towards phorbol has been the potential to access the biologically active 
daphnanes and ingenanes using a common synthetic approach. 
In general, the various synthetic strategies aim to functionalise the most reactive A ring 
last as phorbol esters are unstable to acids, bases, air and transition metal oxidants. 
1.4.1 Wender's Approach Towards Phorbol 
The first synthetic approach to phorbol was reported by Wender in 1980.76 This was 
designed to be a general approach to the tiglianes (1), daphnanes (35) and ingenanes 
(36). 
OH 
1 
Phorbol 
35 
Resiniferol 
36 
Ingenol 
This approach utilised a cis-divinyIcyclopropane rearrangement to generate the ABC 
ring system (47) in seven steps from the a-bromoenone (37) (Scheme 9). It was hoped 
that the carbotricycle (47) could be further elaborated to give the desired products. 
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(a) Me,SCHCO,Et (38), PhH, 80°C, 23h, 84%; (b) NaBH4, MeOH, -10°C, 96%; (c) i) MsCI, 
Et3N, Et,O, O°C; ii) LiAIH4, O°C, 10 min., 61 %; (d) PCC, NaOAc, DCM, 69%; (e) Ph3P=CH2, 
CJIt2, PhH, rt, 80%; (t) i) 'BuLi, Et20, -78 ~ O°C; ii) 2, 3-dimethoxy-2-cyc1opentenone (44); 
(g) O.OIM H2SOJacetone (1:1), rt, 51 % from (43). 
Scheme 9 
Condensation of the a-bromoenone (37) with the sulfur ylide (38) gave exclusively the 
e.xo adduct (39) in 84% yield. Sodium borohydride reduction of the keto ester (39) led to 
an epimeric mixture of alcohols (40), which were mesylated and subsequently treated 
with excess lithium aluminium hydride in a one pot procedure to afford the alcohol (41) 
in 59% overall yield. Oxidation of (41) with pyridinium chlorochromate gave the 
aldehyde (42) which underwent reaction with the Wittig reagent to furnish the I-bromo-
2-vinyIcyclopropane (43) in 55% yield over two steps. 
The other precursor, 2,3-dimethoxy-2-cyclopentenone (44), was obtained in 74% yield 
by treatment of 2,3-dihydroxy-2-cyclopentenone with excess diazomethane. Metal-
halogen exchange using t-butyIIithium and the bromovinyIcyclopropane (43) followed 
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by addition of the ketone (44) gave the 1,2-adduct (45). Upon acid hydrolysis, the 
adduct underwent solvolytic rearrangement via the diviny\cyc\opropane precursor (46) 
to afford the tricyc\ic methoxyketone (47) in 51 % yield. 
In 1988, Wender reported an extension of his cis-diviny\cyc\opropane rearrangement 
strategy to provide highly functionalised BC ring systems with stereocontrol across the 
ring junction at C-8 and C-4 (Scheme 11).78 The rearrangement precursor (53) was 
prepared from the commercially available Diels-Alder adduct (48) (Scheme 10). 
""'0 ":(yI ~ 0=(,:' . "- ~ " H a b c HO C,,\ 9 ~ ~ ... ... 0 , = H CO,H 
'OH 0 
48 49 50 
'" 
"'" 
" 
"'" 
'. OMe '" 
d e 
'BuO,C MeO,C ~ ~ 
H 
OBn 
OBn OBn 
51a RI =H, R, = OH 52 53 
SIb RI =OH,R,=H 
(a) i) KI, I" 93%; ii) BH" 96%; (b) i) Zn, EtOH; ii) PTSA, PhH, 84% (2 steps); (c) i) KOMe, 
MeOH, 86%; ii) PCC, 87%; iii) H,CC(Li)CH20Bn, 72%; (d) i) SOC\" 70%, ii) KO'Bu, 88%; 
(e) MeOCH,COiBu, LDA, 68%. 
Scheme 10 
Protection of the C-9 acid (48) as the iodolactone, followed by borane reduction of the 
remaining acid, provided the alcohol (49) in 64% yield. A two-step retro-
iodolactonisation gave the lactone (50) in 74% yield over the four steps. Hydrolysis of 
the lactone with methoxide gave the hydroxy ester which was oxidised to an aldehyde, 
and subsequent reaction with the vinyllithium reagent furnished the allylic alcohols 
(5Ia) and (SIb) as a ratio of 10:1 in 53% overall yield. Treatment of both alcohols with 
thionyl chloride gave a mixture of the al\ylic chlorides which underwent a facially 
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selective SN2 displacement by the C-9 ester enolate to afford a sole cyclopropane (52) in 
62% yield. Finally, a crossed Claisen condensation with t-butyl methoxyacetate gave 
the ester (53) as a 1:1 mixture ofC-4 epimers. 
The key cis-divinylcyclopropane rearrangement was carried out as shown in Scheme 11. 
Treatment of (53) with trimethylsilyl chloride in warm DMF provided (55) in 87% yield 
together with trace amounts of (56) via the enol ether (54a). Since enolate chelation 
was expected to favour formation of (54b) over (54a), keto ester (53) was also treated 
with sodium hydride followed by trimethylsilyl chloride. As expected this led to the 
formation of the rearrangement product (56) in 80% yield, while the previous major 
product, (55) was obtained in only 8% yield. Heating (53) in benzene under reflux in 
the presence of triethylamine provided the ketones (57) and (58). 
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Scheme 11 
A further consequence of this methodology is the regulation it provides over the 
stereochemistry and functionality at C-9 in the phorbol system. Thus, it is not only 
possible to synthesise the J3-C-9 deoxy but also the a-C-9 deoxy analogue. To obtain 
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the latter, (56) was treated with tetrabutylammonium fluoride to produce the trans-fused 
isomer (59) in greater than 50:1 selectivity over the cis fused isomer (58). Compound 
(59) is highly functionalised, with the correct phorbol stereochemistry at C-4, C-8, C-9 
and C-ll. This strategy provided the first a-C-9 deoxy analogues by partial synthesis, 
which is important in understanding the recognition by, and the binding to, PKC. 
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... + 
tBuo2e", 4 lBuG2e'r. 4 
MeO MeO MeO 
OBn OBn OBn 
56 58 59 
ffiAF,95% <1 >50 
Scheme 12 
Despite the promising results, it was an intramolecular Diels-Alder approach that 
enabled Wender to report the first synthesis of the phorbol skeleton?9 The compound 
was designed to be a hybrid of the tigliane and ingenane promoters. Preparation of the 
intermediate used in the intramolecular Diels-Alder reaction is outlined in Scheme 13. 
The pyran (62) was obtained by a hetero Diels-Alder reaction between 
2-methoxybutadiene (60) and ethyl glyoxalate (61) in 60% yield. Treatment with LDA 
and I-bromo-2,4-pentadiene followed by lithium aluminium hydride reduction of the 
ester and protection of the resulting C-20 alcohol gave the benzyl ether (63) in 82% 
yield over the three steps. Selective oxidation of (63) with m-CPBA in methanol 
afforded epimeric C-IO alcohols which were converted to the keto ketal (64) in 65% 
overall yield by Swem oxidation. Crossed aldol condensation between the enolate of 
(64) and acetaldehyde in the presence oflithium bromide gave two alcohols which were 
subsequently dehydrated by sulfonylation followed by DBU elimination to provide the 
key trienone (65) as a single isomer. Brief heating of (65) provided exclusively the exo 
adduct (66) in 52% over the four steps. It would appear that the endo transition state 
suffers from steric congestion between the diene and the C-4 methoxy group. 
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Cl) i) MsCl, Et,N, DCM; ii) DBU, THF; Cg) 145°C, xylene, 52%. 
Scheme 13 
Preparation of the tetracycIe (73) from the key cycloadduct (66) is outlined in Scheme 
14. Wittig olefination and hydrolysis of (66) afforded (67) in 91% yield, which 
underwent a hetero-Die1s-Alder reaction with the ketene sHyl acetal of ethyl acetate in 
the presence of zinc iodide to give a single ortholactone (68). Treatment of (68) with 
hydrogen fluoride in acetonitrile provided the keto ester (69) as a single product in 72% 
overall yield by sterically and stereo electronically controlled protonation at C-I0. 
Introduction of the D ring using Seyferth's reagent (PhHgCBr3) proceeded exclusively 
through addition to the less hindered, convex face of the C ring and gave the gem-
dibromocyclopropane (70). Kinetically controlled nucleophilic addition of cyanide to 
the less hindered face of (70) gave the cyano-silylalcohol (71) in 72% yield and 92-95% 
isomeric selectivity. DmAL reduction of both the nitrile and ester groups followed by 
Swern oxidation gave a dialdehyde (72). Base-catalysed intramolecular aldol 
condensation gave the A ring in (73) in 31.5% yield for the three steps. 
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72%; (e) i) DIBAL, PhCH3, -78 ~ O°C; ii) (COCl)" DMSO, DCM, -60°C; Et3N; (t) 
Bn,NH,CF3CO" PhH, 32%. 
Scheme 14 
The desired C-3 oxygenation was achieved over four steps (Scheme 15). The 
gem-dibromocyclopropane (73) was converted into the gem-dimethylcyc1opropane (75) 
first by DIBAL reduction of the aldehyde to give the alcohol (74) followed by higher 
order cup rate substitution of halide using lithium dimethylcyanocuprate and methyl 
iodide. The A ring was further functionalised by treatment of (75) with o-nitrophenyl 
selenocyanide and tributylphosphine, followed by hydrogen peroxide oxidation to 
afford the allylic alcohol (76) in 73% overall yield. Protection of the C-3 alcohol as its 
benzoyl ester and deprotection of the C-20 benzyl ester with zinc iodide in 
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trimethylsilylcyanide gave the corresponding primary alcohol (77) in 64% yield for two 
steps. 
OHC a » HOH,C b ... 
73 74 
HOH,C c 
... d » 
75 76 
e ... f ... 
77 78 
g » h » 
79 80 
30 
CHAPTER ONE - INTRODUCTION 
81 82 
(a) DlBAL, PhCH3, _78°C; (b) i) Me,CuCNLi" Et,O, _20°C; ii) MeI; (c) i) "Bu,P, 
o-NO,PhSeCN, pyr.; ii) H,O" THF, 73%; (d) i) Bz,O, DMAP, Et3N, DCM; ii) ZnI" TMSCN, 
64%; (e) Tf,O, pyr., DCM; ii) "BuNI, HMPA; (f) 'BuLi, THF, _78°C, 51%; (g) i) TMS-Im, 
DCM; ii) SeO" 'BuOOH, DCM, O°C; (b) i) SOCI" propylene oxide, Et,O, OnC; ii) AgOAc, 
KOAc/TMEDA, MeCN, 50%; (i) TBAF, THF, > 70%. 
Scheme 15 
The alcohol (77) was converted into the triflate and treated with tetrabutylammonium 
iodide to yield the iodide (78). Metal-halogen exchange with t-butyllithium resulted in 
cleavage of the ether bridge at C-6 and cleanly gave the tetracyclic product (79). The B 
ring allylic alcohol was introduced by protection of the C-3 alcohol as its trimethylsilyl 
ether. Subsequent selenium dioxide oxidation of the Bring exocyclic olefin produced a 
single isomeric allylic alcohol (80). This regioselectivity was attributed to the greater 
steric hindrance at C-5 relative to C-7. Transposition of the allylic functionality in (SO) 
was accomplished by thionyl chloride in the presence of propylene oxide as an acid 
scavenger. Treatment of the resulting chloride with silver acetate and potassium 
acetate-TMEDA complex in acetonitrile provided the allylic acetate (81) in 73% overall 
yield. Removal of all the protecting groups with TBAF provided the tigliane skeleton 
(82) in greater than 70% yield. Phorboid (S2) was synthesised in 32 steps from 
2-methoxybutadiene (60) and ethyl glyoxal ate (61) in 0.2% overall yield. 
Phorboid (S2) is the first compound possessing the complete tigliane skeleton and 
stereochemistry to be prepared through total synthesis. It contains seven of the eight 
stereo centres of PM A and the C-4, C-9 and C-20 oxygen functionalities implicated in its 
biological activity. 
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The BC ring system provided by this IMDA strategy, was not used in Wender's total 
synthesis of phorbol. However, a BC ring system possessing an ether bridge has been 
used as a key intermediate in W ender's first and second generation syntheses. The ether 
linkage holds the rings in appropriate conformations to guide stereoselective reactions 
for construction of key asymmetric centres, offers protection for the C-9 oxygen and 
allows for the introduction of the C-20 allylic alcohol. 
1.4.1.1 The Total Synthesis of Phorbol 
It was in 1989 that Wender reported the first total synthesis ofphorbol.8o The intention 
was that the key intermediate (96) (Scheme 16) would again serve as a general 
precursor to the tiglianes (1), daphnanes (35) and ingenanes (36). Thus, furfuryl alcohol 
(83) was converted into its silyl ether, which after lithiation and treatment with lithium 
propionate afforded the ketone (84). The enolate of (84) was then condensed with 
pent-4-enal to provide (85) as a 2: 1 mixture of diastereomers. Protection of the 
pro-C-12 alcohol as an acetate, reduction of the ketone and oxidation of the furan 
nucleus gave the pyranone (87) as a mixture of stereoisomers. This mixture was then 
converted into the acetates (88) in 52% overall yield for the seven steps. The acetates 
(88) underwent smooth cyc1oaddition upon treatment with DBU at ambient temperature, 
to give (90) as a 2:1 mixture of C-12 epimers in 92% yield. The reaction proceeded 
with complete stereoselectivity with respect to C-8, C-9 and C-ll in accord with the 
transition state model (89). The alkene tether assumes a chair-like confirmation with 
the C-ll methyl group in an equatorial position to minimise interaction with the C-IO 
oxygen. 
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(a) TBSCI, DMF; (b) nBuLi, C,H,COOLi, TIIF; (c) LHMDS, _78°C, 15 h, 1HF; 4-pentenal; 
(d) AcCI, pyr., DCM; (e) NaBH4' MeOH; (t) m-CPBA, TIIF; (g) Ac,O, DMAP, pyr., 52%; 
(h) DBU, DCM, rt, 92%; (i) H" Pd/C, EtOAc; (j) Ph3P=CH,; (k) SeO" 'BuOOH, DCM; (I) 
MnO" DCM; (m) (CH,CH),CuCNLi" TIIF, 78%; (n) TMSCN, ZnI,; (0) DIDAL, PhCH3; (p) 
NH,OH, pyr.; (q) NaOCI, TIIF, 46%; (r) H" Raney Ni, acetonelH,O (4:1); (s) Bz20, DCM; 
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DMAP, pyr.; (t) DBU, THF; (u) NaBH., CeCl" MeOH; (v) TBAF, Et,O; (w) 
2-methoxypropene, PPTS, DCM, 72%. 
Scheme 16 
The introduction of the A ring was achieved via a Wittig olefination of the C-IO ketone 
and selenylation to give the methylene ketone (91). Steric hindrance attributed to the 
oxygen bridgehead led to a-face protonation of the enoIate after 1,4-vinyl cuprate 
addition to give the ketone (92) in 78% yield over five steps. The ketone was 
selectively attacked with trimethylsilylcyanide to give the nitriles (93a) and (93b), the 
major isomer being derived from kinetic addition of cyanide to the less sterically 
encumbered face of the C-4 carbonyl group. The nitrile and the allyl groups are now 
appropriately positioned to undergo internal nitrile oxide cycIoaddition to close the A 
nng. To this end, nitrile (93a) was reduced with DIBAL and the resultant C-4 
carboxaldehyde was converted to an oxime. Oxidation of the latter with bleach 
produced the nitrile oxide, which underwent a 1,3-dipolar cycloaddition at ambient 
temperature, to furnish the isoxazoline (94) in 46% yield over four steps. 
Hydrogenolysis of (94) gave a hydroxy ketone, which was dehydrated by benzoylation 
and DBU-catalysed elimination to provide the exocyclic enone (95). Finally, the A ring· 
stereochemistry at C-4 was protected in the fonn of the ketal (96) in 72% yield for the 
final six steps. This leads to the fonnation of the general precursor in 23 steps and 10% 
overall yield with greater than 93% overall stereoselectivity. This precursor was taken 
through for the first reported syothesis ofphorbol (Scheme 17).81 
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Scheme 17 
Initially, the exocyclic double bond of (96) was reduced with Wilkinson's catalyst to 
provide (97) as a single stereoisomer in 92% yield. Subsequent cleavage of the C-12 
benzoate and oxidation of the resulting alcohol gave ketone (98) in 94% overall yield. 
Kinetically controlled deprotonation of this ketone occurred exclusively at C-13, 
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thereby preservmg the C-II stereochemistry and allowing for the regiocontrolled 
formation of sulfide (99) in 77% yield for two steps. Introduction of the C-13 acyloxy 
group was achieved through oxidation of this sulfide, which gave acetate (100) as a 
mixture of C-13 isomers in 78% yield. Upon further oxidation, (100) underwent 
elimination to furnish the acyloxy enone (101). The D ring was then introduced using 
diphenylsulfonium isopropylide from the more accessible ~-face to give exclusively the 
eis gem-dimethylcyclopropyl tetracycle (102) in 85% yield. Model studies had 
indicated that a-alkoxy enones, which are more stable than the acyloxy enone, react 
with suI fur ylides to give spiro epoxides rather than the desired cyclopropanes. 
The incorporation of the C-12 alcohol proved to be difficult (Scheme 18). Reduction of 
the C-12 ketone using diisobutylaluminiurn hydride and lithium aluminium hydride 
gave the C-12 alcohol of the undesired a-stereochemistry. As a result the C-12, C-13 
eis-diol (103) (Scheme 18) obtained from the DIBAL reduction of (102) was protected 
as a cyclic carbonate with carbonyl diimidazole, and the C-20 ether was then converted 
to an iodide (104) via a triflate as described previously. Treatment of this iodide (104) 
with t-butyllithium resulted in the cleavage of the ether bridge and in selective 
deprotection at C-12 to provide the alcohol in 45% yield for five steps. Oxidation of the 
alcohol with pyridinium chlorochromate produced the C-12 ketone (105) which gave 
the desired ~-C-12 alcohol in 92% yield on treatment with sodium 
triacetoxyborohydride. Reductive cleavage of the C-13 pivaloyl protecting group with 
DIBAL, and treatment of the resulting trans diol with benzoic anhydride and 
subsequent regioselective allylic oxidation of the exocyclic alkene in (105) with 
selenium dioxide as previously described gave the C-7 oxidised product (106) in 50% 
yield. A two-step chlorination and benzoate displacement gave the allylic benzoate 
(107) in 58% overall yield and completed the Bring functionalisation. 
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(a) DIDAL, PhCH,; (b) i) CO(Im)" DCM; ii) TBAF, THF; iii) Tf,O, Et,N, DCM, pyr.; iv) 
"BuN!, HMPA, 55°C; (c) i) 'BuLi, Et,O, -78°C, 45%; ii) PCC, DCM; (d) i) NaBH(OAc)" THF, 
60°C, 92%; ii) DIBAL, PhCH,; iii) Bz,O, DMAP, pyr., DCM; iv) SeO" 'BuOOH, DCM, O°C, 
50%; (e) i) SOCI" propylene oxide, Et,O, O°C, 80%; ii) AgOBz, KOBzlTMEDA, MeCN, 73%; 
Scheme 18 
Elaboration of the A ring functionality was then accomplished through a five-step 
sequence, which is detailed in Scheme 19. The acetonide functionality of (107) was 
hydrolysed, after which the C-3 alcohol was oxidised and the C-4 alcohol was 
selectively protected to give ketone (108) in 73% over two steps. Conversion to the 
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enone by bromination and dehydrobromination followed by deprotection of the 
hydroxyl functionalities furnished phorbol in 26 steps and 2% overall yield from the 
intermediate (96). 
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(a) i) HCIO., MeOH, Montmorillonite clay (KlO), (CH20H)z; ii) SO,.pyr.Et,N, DMSO, 80%; 
iii) CF,CON(CH,)1MS, DMAP, MeCN, 91%; (b) i) KHMDS, _78°C; then 1MSCl, -78°C~ rt; 
ii) NBS, THF, rt, 65%; iii) LiBr, Li2CO" DMF, 130°C, 3 h, 72%; (c) i) PTSA, MeOH; ii) KeN, 
MeOH,86%. 
Scheme 19 
Wender subsequently described a more concise synthesis of a closely related precursor 
(122)82 (Scheme 21) of synthetic importance for the tigliane, daphnane and ingenane 
family. This route was based on a silicon transfer-induced oxidopyrylium cycloaddition 
and a metal-mediated A ring synthesis. The cycloaddition product (116) was 
synthesised from commercially available ethyl acetoacetate (11 0) as outlined in Scheme 
20. A three-step series of reactions provided the allylic bromide (111) in 62% yield 
from (110). Addition of (Ill) to a methanolic solution of caesium kojate afforded the 
allylic ether (112), which underwent Claisen rearrangement to provide the pyrone 
alkene (1l3) in 62% overall yield. The key cycloaddition precursor (114) requires both 
of the hydroxyl groups to be protected as t-butyldimethylsilyl ethers. A toluene solution 
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of (114) was heated to 200°C in a sealed tube to give the cycloadduct (116) in 77% 
yield as a single isomer. Again, this high stereos electivity can be explained by the 
transition state (115), in which the tether between the pyrone and the alkene assumes a 
chair-like conformation, with the C-18 methyl group oriented equatorially in order to 
minimise 1,3-interaction with the C-IO substituent. The use of the t-butyldimethylsilyl 
migrating group was found to represent the best compromise between reaction 
efficiency and protecting group versatility. 
r-C:= 
b o~" c ... ... 
OH 
12 
Et02C\ , 
~. 
o 
a 
... 
-.(\= Brl Il~18 
110 111 112 
H 
I. 
12 
d 
... 
o TBDMSO 
OR OTBDMS 
113 R=H 115 116 
114 R=TBDMS 
(a) i) NaOEt, EtOH,~; ii) 4-bromo-l-butene,~; iii) NaH, THF; then LiAIH4, THF,~; iv) PBr3, 
Et,O, then 48% aq. HBr, O°C, 62%; (b) caesium kojate, MeOH; (c) i) EtOH, 78°C, 4 h, 62%; 
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Scheme 20 
With oxygenation at C-4, a new A ring annelation strategy could be employed, thus the 
key intermediate (122) was completed by stereocontrolled attachment of allyl and 
propynyl groups to (116), followed by metal-mediated A ring closure, as outlined in 
Scheme 21. As a result of the facial bias of the C-IO carbonyl group, allylmagnesium 
bromide attack provides the ~-alcohol (117) in 72% yield. Conversion of the alcohol 
(117) to the allylic chloride with thionyl chloride, followed by selective desilylation of 
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the enol ether with stereoelectronically controlled protonation at C-lO, gave the chloro 
ketone (118). Tin hydride reduction provided the ketone (119) in 56% for the three 
steps. The ketone (119) was reduced with l-lithio-prop-I-yne to give the J3-alcohol 
(120) in 48% yield and 88% isomeric purity. Cyclisation of (120) to provide the A ring 
was effected using catalytic palladium dibenzylideneacetone complex (Pd2( dba)3) in the 
presence of tri-o-tolylphosphine, dimethylhydrosiloxane and acetic acid. The 
carbotricycle (121) was obtained in 58% yield with complete stereocontrol. 
The latent C-3 and C-12 oxygenation was unveiled by ozonolysis followed by reductive 
work-up with sodium borohydride to provide the triol as a single isomer. The key 
intermediate (122) was obtained in 24% overall yield by selective protection of the C-3, 
C-4 eis-diol as the acetonide, followed by oxidation ofthe C-12 alcohol with pyridinium 
chlorochromate. This synthetic strategy provides (122) in 16 steps from commercial 
starting materials. The two strategies converge after this point to complete the synthesis 
ofphorbol. 
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PhCH3, 58%; (0 i) 0 3, DCM, MeOH, -78°C; ii) NaBH4, -78°C -+ rt; iii) 2-methoxypropene, 
(cat.) PPTS, DCM; iv) NaOAc, DCM; v) PCC, NaOAc, DCM, 24%. 
Scheme 21 
1.4.1.2 Asymmetric Synthesis of Phorbol. 
In 1997 Wender reported the first formal asymmetric synthesis of phorbol (1).84 This 
approach was based around an intramolecular oxidopyrylium-alkene [5 + 2] 
cycloaddition, (132) to (133) (Scheme 22). As a consequence of this strategy, the 
control of absolute stereochemistry rests solely on the stereocontrolled installation of 
the pro-C-II centre in the sequence leading to the cycloaddition precursor. This was 
achieved through a chiral oxazolidinone-based asymmetric aldol reaction between 
aldehyde (125) and N-propionyl oxazolidinone (126). 
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pyr., DMAP; citric acid, MeOH, 81%; (e) VO(acac)" 'BuOOH, DCM; AcO" pyr., DMAP, 
88%; (f) DBU, CH,CN, 79%. 
Scheme 22 
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The aldehyde (125) was prepared in two steps from furfuryl alcohol (123) by silylation 
with t-butyldimethylsilyl chloride in 99% yield followed by formylation of the 
corresponding furfuryl lithium species to give (125) in 75% yield. The asymmetric 
aldol reaction between aldehyde (125) and N-propionyl oxazolidinone (126) occurred 
with high diastereoselectivity (98% de) to provide the alcohol (127) as a single 
diastereoisomer in 96% yield after column chromatography. Introduction of the alkene 
subunit into the tether was accomplished through transamination of (127) to provide the 
Weinreb amide (128) in 86% yield. Addition of 3-butenylmagnesium bromide to the 
amide (128) afforded the hydroxy ketone (129) in 82% yield. 
Reduction of (129) with DIBAL gave the diol (130) in 85% yield and high 
diastereoselectivity (30.6: 1), which is consistent with the formation of a six-membered 
aluminium chelate. To prevent complications in the furan ring expansion, the C-12 
hydroxyl was selectively acetylated. This was achieved by treatment of (130) with 
trimethylsilylimidazole first to effect silylation of the more reactive furfuryl alcohol 
followed by an in situ acetylation. Subsequent deprotection of the transient silyl ether 
gave (131) in 82% yield. Oxidative ring expansion with VO(acac)z/'BuOOH followed 
by acetylation of the crude hydroxy pyranones afforded (132) in 88% yield as a mixture 
of C-6 epimers. Intramolecular oxidopyrylium-alkene cycloaddition occurred upon 
treatment of an acetonitrile solution of epimers (132) with DBU, affording the 
cycloadduct (133) in 79% yield. The high stereoselectivity ofthis transformation can be 
rationalised by a transition state in which the tether between the reactive subunits adopts 
a chair-like conformation with the C-ll methyl group equatorially disposed to minimise 
steric interactions with the C-12 pyranone carbonyl. Thus the chirality installed at C-ll 
effectively controls stereogenesis at C-8 and C-9. 
OAc OAc 
b ... a 
... 
H 
o 
OTBDMS 
133 134 135 
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OAc OH 
138 
(a) i) H" Pd/C, EtOAc, 95%; ii) KO'Bu, Ph3PCH3Br, PhH, 79%; iii) SeO" 'BuOOH, DCM; 
MnO" DCM, 89%; (b) (CH,CH),Cu(CN)Li" Et,O, 83%; (c) PhC=CLi, LiBr, THF; HMPA, 
ruSCl,75%; (d) cp,zrC!" "BuLi, THF; HOAc, 93%; (e) PCC, NaOAc, DCM, 94%. 
Scheme 23 
Elaboration of cycloadduct (133) to intennediate (138) required C-4 oxygenation and 
annelation of the A ring through a zirconocene-mediated enyne cyclisation (Scheme 
23). The cyc10adduct (133) was first hydrogenated to afford the corresponding ketone 
in 95% yield, which underwent subsequent Wittig olefination and allylic oxygenation to 
afford the enone (134) in 70% yield over the two steps. Conjugate addition of vinyl 
cuprate to (134) followed by stereoselective protonation of the intennediate enolate 
gave (135) as a single diastereoisomer in 83% yield. Addition of lithium 
phenylacetylide in the presence of lithium bromide followed by HMPA and TMSCl to 
give exclusively the p-addition product (136) in 75% yield. Zirconocene-mediated 
enyne cyc1isation proceeded with deprotection of the C-12 acetate to give the alcohol 
(137) in 93% yield with the required trans AB ring junction. Subsequent oxidation with 
pyridinium chlorochromate provided, in 94% yield, the desired (138) in 16 steps and 
9.0% overall yield from furfuryl alcohol. 
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The selection of (138) as the target intermediate was based on the demonstration that 
racemic (138) serves as an effective precursor to racemic phorbol (Scheme 24). This 
sequence provides a more concise and efficient solution to the previously encountered 
problems with elaboration of the CD ring system, B ring ether cleavage and introduction 
of the A ring. 
o 
138 
o 
141 
o 
144 X=CI g~145 X=OAc 
a 
... 
d 
... 
h 
... 
o 
OR 
bl139 R=TBDMS 
'-140 R=H 
o 
,142 X=H 
e'-143 X=OH 
OR 
OAc 
. ,146 R=H 
1 '-147 R = OAc 
c 
f )0 
j ... 
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(a) i) LDA, THF, _78nC; 1MSCl; PhSCl, DCM, -78nC, 96%; ii) Pb(OAc)., PhH, 84%; iii) 
m-CPBA, DCM, -20nC; iv) P(OEt)" PhH, 88%; v) Ph,SqCH,)" DCM, THF, -78nC, 80%; (b) 
49% HF, CH,CN, OnC, 96%; (c) 0" DCMlMeOH, -78nC,; (NH,),CS, 89%; (d) i) Tf,O, pyr., 
DCM, OnC; ii) "BuNJ, CH,CN, 67%; iii) Zn, EtOH, 80nC, 61%; (e) SeO" 'BuOOH, DCM, 
54%; (I) SOCl" pyr., Et,O, OnC; (g) KOAc, 18-Crown-6, AgOAc, CH,CN, 71%; (h) 
NaBH(OAc)" THF, 92%; (i) Ac,O, DMAP, pyr., DCM, 89%; (j) i) MSFTA, DMAP, 
DABCO, CH,CN, 100nC; NBS, THF, 63%; ii) Li,CO" LiBr, DMF, BOnC, 56%; (k) TBAF, 
THF, -20nC, 88%; (I) Ba(OH,), MeOH, 62%. 
Scheme 24 
This new sequence starts with the phenylsulfenylation of the kinetically generated silyl 
enol ether of (138) followed by lead tetraacetate oxidation to provide a 
diastereoisomeric mixture of C-13 acetoxy phenylsulfides in 80% yield for the two 
steps. Further oxidation with m-CPBA and thermal sulfoxide elimination afforded the 
corresponding 13-acetoxy enone in 88%. Diphenylisopropylsulfonium ylide addition 
occurred with l3-face stereoselectivity, thereby introducing the D ring and providing the 
tigliane (139) in 80% yield. 
Deprotection of the C-20 silyl ether to give (140) followed by ozonolysis of the 
benzylidene unmasked the C-3 carbonyl group to provide the diketone (141) in 75% 
yield for the two steps. Cleavage of the ether bridge was accomplished by conversion 
of the primary hydroxyl of (141) into the corresponding iodide which underwent 
elimination in the presence of activated zinc to afford the alkene (142) in 40% overall 
yield. Allylic oxidation of(142) occurred preferentially at the C-7 carbon to afford the 
allylic alcohol (143) in 54% yield. Subsequent treatment with thionyl chloride followed 
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by silver-assisted nucleophilic substitution gave diacetate (145) in 71 % yield for the two 
steps. Reduction of the C-12 ketone with sodium triacetoxyborohydride was directed 
by the C-9 hydroxyl group to give only the desired f3-alcohol (146) in 92% yield. The 
alcohol was subsequently acetylated to provide the triacetate (147) in 89% yield. 
Installation of the C-l,2 olefin was achieved by a two step process by bromination of 
the corresponding silyl enol ether of (147) followed by endocyclic halide elimination of 
the resulting bromide to provide the desired cr, f3-unsaturated ketone (148) in 56% yield. 
Finally, deprotection of the C-4 silyl enol ether and exhaustive acetate hydrolysis gave 
racemic phorbol (1) in 55% yield over the two steps. This gives phorbol (1) in 17 steps 
from the intermediate (±)-(138) as opposed to 30 steps from the previous intermediate 
(122). 
Wender has also demonstrated application of the [5 + 2] oxidopyrylium-alkene 
cycloaddition strategy by using it in the first reported asymmetric synthesis of the 
daphnane diterpene, (+)-resiniferatoxin (150) (Scheme25).84 
0 ~"OAc 
,;?' ,:7 
0 
0 11 '1"OBn ~ 
'" ~~ OBn 
OAc H 
-
OTBDMS CH, OAc 
OTBDMS ,. OH 
150 
(+)-Resiniferatoxin 
Scheme 25 
1.4.2 Shibasaki's Approach to Tiglianes 
The approach adopted by Shibasaki et al.85 is very different to the approaches described 
by fellow workers in the field. Starting from the D ring synthon, (+)-3-carene (151), 
two consecutive nitrile oxide cycloadditions were carried out followed by a McMurry 
coupling to lead to an optically pure phorboid tetracycle. 
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D:< MeO MeO a » b )0 c » "'H 
OAc 
151 152 153 
f?8 O,N I :"H d » e » 0 H 
OPiv 
154 155 156 
(a) i) 0" MeOH, -78°C; Me,S, rt; ii) m-CPBA, CHCl" rt, 86%; (b) i) 10% NaOH, MeOH, 
O°C; ii) (COCI)" DMSO, DCM, _78°C; iii) Et,N, -78°C ~ rt; iv) Ph,P+CH,Br-, nBuLi, THF, 
-78°C ~ rt, 72%; (c) i) 30% HCIO" THF, OnC; ii) MeNO" KF, nBu.NCl, PhCH" rt; iii) Ac,O, 
pyr., DMAP, DCM, rt; iv) NaBH" EtOH, OnC, 64%; (d) MeNCO, Et,N, PhH, rt, 83%; (e) i) 
aq. TiCl" MeOH, rt; ii) PivC1, pyr., DCM, rt, 91 %. 
Scheme 26 
The preparation of (156) starting from commercially available (+)-3-carene (151) is 
detailed in Scheme 26. This starting material, which already contains the 
gem-dimethyIcyclopropane D ring with the desired stereochemistry, was cleaved by 
ozonolysis in methanol followed by a Baeyer-ViIliger rearrangement to give the ketal 
acetate (152) in 86% overall yield. Base-catalysed hydrolysis followed by Swern 
oxidation and Wittig olefination provided the alkene (153) in 72% yield. Hydrolysis of 
the acetal followed by a Henry reaction with nitromethane gave the nitroaldol, which 
was acetylated and then reduced to give (154) in 64% overall yield. The first 
intramolecular nitrile oxide cycloaddition to form the C ring was effected by reaction of 
(154) with methyl isocyanate in the presence of triethylamine to give the isoxazoline 
(155) with a high degree of stereoseiectivity in 83% yield. Treatment of (155) with 
aqueous titanium trichloride followed by reaction with pivaloyl chloride provided the 
versatile C ring intermediate (156) in 91 % yield. 
48 
o 
OPiv 
156 
160 
a )0 
OH H 
OH 
157 
e .. HO 
161 
b .. 
CHAPTER ONE - INTRODUCTION 
R 
r 158 R~OH 
c '-159 R ~ NO, 
f)o HO 
d .. 
162 
(a) i) H,C~CHMgBr, THF, -78 ~ -55°C; ii) LiAlH., Et,O, O°C, 92%; (b) i) SO,.pyr., Et,N, 
DMSO, rt, ii) Ph,P\CH,),OC(OMe)Me,Br-, KHMDS, THF, HMPA, -78°C ~ rt; iii) 50% 
AcOH, THF, rt, 83%; (c) i) p-TsCI, pyr., DMAP, DCM, rt; ii) NaI, 2-butanone, rt; iii) AgNO" 
Et20, rt, 80%; (d) p-CIC,H.NCO, Et,N, PhH, 55°C, 65%; (e) i) H2 , Raney Ni (W-2), B(OH)" 
MeOH, H20, rt, 76%; (t) H2, 10% Pd-C, EtOAc, rt, 86%. 
Scheme 27 
Preparation of the key carbocycle (162) using a second intramolecular nitrile oxide 
cycloaddition to provide the B ring is outlined in Scheme 26. The ketone (156) 
underwent ~-face attack by vinylmagnesium bromide, followed by reduction with 
lithium aluminium hydride, provided the diol (157) as a single product in 92% yield. 
Sulfur trioxide-pyridine complex selectively oxidised the primary alcohol to the 
aldehyde, which underwent subsequent Wittig olefination and hydrolysis to provide the 
Z alkene (158) in 83% yield. Conversion of (158) into the nitroalcohol (159) was 
carried out in 80% overall yield by transformation of the alcohol through a tosylate into 
an iodide which was transformed into the nitroalcohol (159) through substitution with 
silver nitrite. The crucial intramolecular nitrile oxide cycloaddition to form the seven-
membered ring was effected by reaction of (159) with p-chlorophenyl isocyanate and 
triethylamine in benzene at 55°C to give the desired isoxazoline (160) with the correct 
stereochemistry at C-IO. Treatment with Raney nickel and a large excess of boric acid 
under an atmosphere of hydrogen cleaved the oxazoline to give (161) in 76% yield. 
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Catalytic hydrogenation of the double bond of (161) gave the desired carbotricycle 
(162) in 86% yield. 
a ... 
162 
c ... 
164 R~TMS,R'~TBDMS 
e ... 
166 R~TMS 
HO 
R'O 
163 R~TMS,R'~TBDMS 
OHC 
165 R~TMS 
167 R~TMS 
b ... 
d )0 
(a) i) lMSCI, imidazole, DMF; ii) TBDMSOTf, Et3N, DCM, O·C; iii) K2C03, MeOH, O·C, 
84%; (b) i) S03'Pyr., Et3N, DMSO, rt; ii) DBU, (CF3CH20)zP(O)CH(Me)COzMe, LiCl, MeCN, 
rt,50%; (c) i) DIBAL, PhCH3, -78·C; ii) TBAF, THF, -45·C; iii) MnOz, pentane,rt, 84%; (d) 
CpTiCI3, LiAIH" THF, 50·C, 42%; (e) S03'Pyr., Et3N, DMSO, rt, 67%. 
Scheme 28 
Preparation of the tetracycle (167) using an intramolecular McMurry coupling reaction 
is outlined in scheme 28. Reaction of (162) with trimethylsilyl chloride and imidazole 
gave the disilyl ether which was converted into the trisilyl ether on exposure to 
t-butyldimethylsilyl triflate and triethylamine. Selective deprotection at the C-I 
position gave the alcohol (163) in 84% yield, which was oxidised to the aldehyde and 
transformed to the a.,~-unsaturated ester (164) stereoselectively in 50% overall yield. 
Reduction of the ester moiety of(164) with DIBAL and deprotection of the silyl ether at 
the C-4 position, followed by manganese dioxide oxidation to the aldehyde, provided 
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the dicarbonyl compound (165) in 84% overall yield. The McMurry coupling, effected 
using cyc10pentadiene titanium chloride and lithium aluminium hydride to generate a 
low valent titanium reagent, produced the unwanted cis stereoisomer (166) in 34% 
yield. Oxidation of the C-3 alcohol of(166) with sulfur trioxide-pyridine complex gave 
the tetracyc1e (167) in 67% yield which contained the correct stereochemistry at all ring 
junctions but the AB ring junction. 
Shibasaki soon reported a synthesis of the tigliane skeleton where the previously 
reported problem of stereochemistry at the AB ring junction was overcome (Scheme 
29).86 
The intermediate (162) was treated with trimethylsilyl chloride and imidazole to provide 
the his-silyl ether which was then selectively deprotected at C-l with potassium 
carbonate in methanol to give the C-9 protected carbotricyc1e (168). Treatment of(168) 
with a cerium reagent prepared from lithium propyn- I -ide and cerium (Ill) chloride 
provided the tertiary alcohol (170) in 98% yield by intramolecular transfer of the 
I-propnyl group to the a-face of (168) via the intermediate (169). Oxidation of (170) 
with sulfur trioxide-pyridine complex gave the aldehyde in 75% yield without 
epimerisation. Regioselective oxidation of the propynyl group with 1 % sulfuric acid 
and mercury (II) sulfate provided the ethyl ketone (171) in 53% yield. Exposure of 
(171) to potassium t-butoxide resulted in an intramolecular aldol condensation to give a 
mixture of the aldol products which were converted into the cyclopentenone (172) by 
mesylation and elimination in 60% yield. Treatment of (172) with tetrabutylammonium 
fluoride provided the first optically active phorbol analogue (173) in good yield. 
HO 
o 
,162 R=H 
''"-168 R=TMS 
b )0 
o 
ClCeO-~ 
I H 
169 
51 
CHAPTER ONE - INTRODUCTION 
c .. d .. 
o OH 
170 R=TMS 171 R=TMS 
e .. 
172 R=TMS 173 
(a) i) TMSCI, imidazole, DMF, rt; ii)K,C03, MeOH, O°C, 86%; (b) Propyne, nBuLi, CeCl3, 
THF, -78 ~ -30°C, 98%; (c) i) S03.Pyr., DMSO, Et,N, rt, 75%; ii) HgS04, 1% H,S04, THF,rt, 
53%; (d) i) 'BuOK, THF, -78 ~ -65°C; ii) MsCI, Et3N, DCM, -78 ~ _10°C, 60%; (e) TBAF, 
THF, _45°C. 
Scheme 29 
The tetracycle (173) has the correct trans stereochemistry across the AB ring junction 
and demonstrates that the route has good potential in the synthesis of a variety of 
analogues. 
In 1994 Shibasaki reported the synthesis of two other optically active derivatives (182) 
and (186), with Band C ring substitution.87 These incorporate the C-6 allylic alcohol, 
which has been achieved only by Wender and Shibasaki, and the C-12 oxygenation 
respectively. Both of these compounds were prepared utilising the same synthetic 
strategy as described above for the tetracycie (173). 
The optically active phorbol skeleton (182), possessing an allylic alcohol moiety was 
synthesised as outlined in Scheme 30. The versatile intermediate (156), prepared as 
described above, was converted stereospecifically into (174) by reaction with 
vinylmagnesium bromide followed by protection of the resulting alcohol with 
2-(trimethylsilyl)ethoxymethyl chloride (SEM chloride) and diisopropylamine. 
Depivaloylation of (174) with lithium aluminium hydride provided the alcohol in 70% 
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yield, which was the oxidised to the aldehyde (175) in 86% yield. Homer-Emmons 
olefination of the aldehyde with the phosphonate carbanion, generated from (176) and 
lithium hexamethyldisilazide in toluene containing lithium bromide, gave the desired cis 
diene (177) in 96% yield. Reduction of the ester with DIBAL gave the aUylic alcohol in 
92% yield, which was subsequently protected as its t-butyldiphenylsilyl ether. 
Deprotection of the p-methoxybenzyl ether was carried out by treatment with DDQ to 
give the alcohol (178). A series of three reactions involving tosylation, iodide 
substitution and nitration, followed by an intramolecular nitrile oxide cycloaddition to 
form the seven-membered B ring, provided the isoxazoline-allylic alcohol (179) in an 
analogous fashion to that described above. Raney nickel-induced ring cleavage and 
nucleophilic attack upon the ketone using a cerium reagent gave the alkyne (181) which 
was subsequently transformed into the tetracycle (182). 
a )0 
o 
OPiv OPiv 
156 174 
\\,H 
c 
"""-
-SEMO 
PMBO # 
(MeO),OPyCO,Me 
176 ~OPMB 
CO,Me 
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e )0 f)o HO 
o 
179 R=SEM 
b .... 
SEMO 
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.6 
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HO 
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OTBDPS 
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HO h .. 
Me 
OTBDPS 
181 R=SEM 182 
(a) i) CH,=CHMgBr, THF, -78 ~ -55°C; ii) 2.0 eq. SEMCI, 3.0 eq. ipr,NEt, DCM, 35°C, 17 h, 
quant.; (b) i) 1.5 eq. LiAIH4' Et,O, -78°C, I h, 70%; ii) 5 mol% TPAP, 1.5 eq. NMO, 4A 
molecular sieves, DCMlCH,CN (10:1), 0 ~ 25°C, I h, 86%; (c) i) 5.0 eq. (176), 4.8 eq. 
LHMDS, 10.0 eq. LiBr, PhCH" 0 ~ 25°C, I h; ii) (175), 0 ~ 25°C, 18 h, 96%; (d) i) 3.0 eq. 
DIBAL, PhCH" _78°C, 2 h, 92%; ii) 2.0 eq. TBDPSCI, 3.0 eq. imidazole, DMF, 25°C, 18 h; iii) 
1.5 eq. DDQ, DCMIH,O (10:1), 25°C, 3 h; (e) i) 2.0 eq. TsCI, 10.0 eq. pyr., cat. DMAP, DCM, 
25°C, 24 h; ii) 5.0 eq. NaI, 2-butanone, 25°C, 24 h, 78% (4 steps); iii) 2.0 eq. AgNO" Et,O, 
25°C, 17 h, 46%; iv) 12.0 eq. p-chlorophenylisocyanate, 1.25 eq. Et,N, PhH, 50°C, 96 h, 88%; 
(f) Raney Ni CN-2), B(OH)" MeOHlH20 (5:1), rt, 73%; (g) i) CH,C=CH, BuLi, _78°C; ii) 
CeCI,; iii) (180), -78 ~ -30°C, 40%; (b) i) 5 mol% TPAP, NMO, 4A molecular sieves, 
DCMlCH,CN (10:1), 73%; ii) HgS04, 1% H,S04, THF, rt., 74%; iii) LDA, THF, -78°C; MsCI, 
Et,N, -78°C, 41%; iv) HF.pyr.ffiIF (2:5), O°C, 79%. 
Scheme 30 
With the construction of the phorbol skeleton in their hands, Shibasaki et al. pursued the 
inclusion of the C-12 hydroxyl group (Scheme 31).87 Again, the key intermediate for 
the synthesis of (186) is the versatile six-membered C ring unit (156). Treatment of 
(156) with lithium diisopropylamide and dicyclopentadiene zirconium dichloride gave 
the zirconium enolate which underwent phenylselenylation. m-CPBA oxidation 
fumished the enone which was subsequently treated with dimethyldioxirane to afford 
the epoxyketone (183) in 82% overall yield. Reductive ring opening using aluminium-
mercury amalgam followed by stereoselective vinylation gave the a-alcohol (184). The 
stereochemistry at C-12 was corrected via S03.pyridine mediated oxidation and 
reduction using sodium borohydride to furnish the diol (185), without incurring the 
complications encountered by Wender.81 Further elaboration in a fashion analogous to 
that described for (182) furnished the tetracycle (186), lacking only the C-13 hydroxyl 
and the C-II methyl groups. 
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OH 
C} 11, 
a ... b ... ~ 0 0 
OPiv OPiv 
156 183 184 
OH OH 
c ... ~ ... ... 
OPiv 
185 186 
(a) i) 1.3 eq. LDA, THF, _78°C, 1 h; 1.3 eq. Cp,ZrCI" -78°C, I h; ii) 1.1 eq. PhSeBr, -78 ~ O°C, 
2 h; iii) 1.2 eq. m-CPBA, DCM, O°C, I h, 84% (2 steps); iv) 2.5 eq. dimethyldioxirane, acetone, 
_78°C ~ rt, 17 h, 98%; (b) i) 5.0 eq. AI-Hg, THFlEtOHfH,O (11 : 4 : 3), -30°C, 36 h, 92%; 
CH,=CHMgBr, THF, -78 ~ 30°C, 3 h, 49%; (c) i) S03'Pyr., Et,N, DMSO, rt; ii) NaBH4' 
MeOH, O°C, 89%. 
Scheme 31 
Using the same synthetic strategy, Shibasaki has reported the synthesis of a series of 
phorbol analogues (Figure 1) in order to evaluate their potential binding to PKC. 
R 
187 R=H 
188 R=OH 
189 R=H 
190 R=OH 
R 
7 R = OCO(CH,lI2CH3 
Figure 1 
191 R=H 
192 R=OH 
8 R = OCO(CH,lI2CH3 
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Recently, Shibasaki has reported the catalytic asymmetric synthesis of a versatile 
intermediate for phorbol synthesis.88 This intermediate (209) (Scheme 33) is based on 
Shibasaki's previous work and is a potentially versatile intermediate for many phorbol 
analogues. The synthesis features the catalytic asymmetric intramolecular 
cycIopropanation of an enol siIyl ether using a chiral rhodium complex (Scheme 32). 
The five-membered lactone (199) was developed as a key intermediate in the synthesis 
of (209). As shown in scheme 32, prenol (193) was converted to the diol (195), via the 
epoxide (194), and then acylated to give (196). Oxidation of (196) followed by 
l,4-hydrosilylation provided the siIyl enol ether (197), which was then transformed into 
the diazoacetate (198). Catalytic asymmetric cycIopropanation of (198) was effected 
upon treatment with 1 mol% ofDoyle's catalyst [Rh2(5R-MEPY)4l, in dichloromethane 
at reflux to give (199) in 73% yield and 77% ee. 
~OH~ ~OH~ ~OR ~ ~OCOR 
193 194 
199 
OH OTES 
r 195 R=H 
c'-196 R=Ac 
er 197 R=CH, 
'-198 R = CRN, 
(a) 1.2 eq. TBHP, I mol% VO(acac)" PhCH" 60·C, 2.5 h; (b) i) 1.5 eq. Ac,O, 2 eq. Et,N, rt, 12 
h; ii) 2.1 eq. Ti(O;Pr)4, rt, 5 days, 58% (from 193); (c) 1.4 eq. Ac,O, 1.6 eq. Et,N, DCM, O·C, 7 
h, 77%; (d) i) 2 eq. SO,.pyr., 3 eq. Et,N, DMSO, rt, 2 h, 75%; ii) 1.2 eq. Et,SiH, 0.2 mol% 
(Ph,P),RhCI, 80·C, 30 min, 70%; (e) i) 1.5 eq. LHMDS. THF, -78·C, 20 min; ii) 1.7 eq. 
CF,CO,CH,CF3, -78 ~ -30·C, I h, iii) 7 eq. Et,N, 1.5 eq. HP; 5 eq. MsN,; -30·C ~ rt, 83 h, 
60%; (t) I mol% Rh,(5R.MEPY)4, DCM, 30 min, 73%, 77% ee. 
Scheme 32 
With the optically active lactone (199) in hand, transformation into the versatile 
synthetic intermediate (209) was investigated, as outlined In scheme 33. 
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Transfonnation of (199) into its Weinreb amide (200) and pyridinium dichromate 
oxidation of the primary alcohol gave the aldehyde (201) in 84% overall yield. 
Treatment of (201) with isopropenylmagnesium bromide gave the allylic alcohol (202) 
in a highly stereocontrolled manner, which was then protected as a t-butyldimethylsilyl 
ether to give (203). Hydroboration of (203) with borane-THF complex, followed by 
oxidative work-up, gave the desired product (204). DIBAL reduction of (204) to the 
corresponding aldehyde followed by Wittig olefination gave (205) in 50% overall yield. 
Oxidation of the primary alcohol in (205) gave the aldehyde (206) which was treated 
with hydroxylamine hydrochloride and sodium acetate, followed by 5% aqueous 
NaOCl, to give the desired isoxazolidine (207). The reaction of (207) with Raney-
Nickel and boric acid under a hydrogen atmosphere, provided the hydroxy-ketone 
(208), which was treated with vinylmagnesium bromide to give (209) in a highly 
stereoselective manner. 
0P8S Hor.' or. ~ ",OTES ~ 
IIIH H,c, "'H H,C, "'H 
0 l' l' 
199 
HO 
H,CO 
o 
r 202 R=OH d~ 203 R = OTBS 
OTBDMS 
",OTES 
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0 
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H,CO 
OTBDMS 
HO 
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OTBOMS 
"OTES 
209 
(a) 2.5 eq. MeAICIN(Me)OMe, PhCH3, -78°C -+ rt, 3 h, 92%; (b) 2 eq. POC, 4A molecular 
sieves, DCM, rt, 2.5 h, 92%; (c) 1.5 eq. isopropenylmagnesium bromide, TIIF, -78 -+ -60°C, 
1.5 h, 88%; (d) 1.5 eq. TBDMSOTf, 2 eq. ;Pr,NEt, DCM, -78 -+ --WC, 1.5 h, 88%; (e) 7 eq. 
BH3.THF, PhCH3ffHF (4:1), -78 -+ _35°C, 228 h, 73%; (t) i) 3.5 eq. DIBAL, PhH, _40°C, 30 
min; ii) 3 eq. Ph3P=CH" THF, -78 -+ O°C, 20 min, 66% (two steps); (g) 2 eq. PDC, 4A 
molecular sieves, DCM, rt, I h, 93%; (h) i) 1.5 eq. NH,OH.HCI, 3 eq. NaOAc, H,O, EtOH, rt, 
5 min; ii) 5% NaOCI,q, DCM, O°C, 14 h, 78% (two steps); (i) H" Raney Ni (yI-2), 30 eq. 
B(OH)3, EtOHIMeOHlH,O (5:1:1), rt, 30 min, 88%; (i) 10 eq. vinylmagnesium bromide, THF, 
-30°C, 20 min, 69%. 
Scheme 33 
The intermediate (209) is potentially very versatile for the synthesis of many phorbol 
analogues, including PMA (4) itself, leading to the clarification of the structure-activity 
relationships of phorbol derivatives. Further studies are currently under investigation. 
1.4.3 rugby's Approach to Phorbol 
In 1989 Rigby reported the rapid construction of the tigIiane framework.90 This initial 
approach was based around a high-pressure intermolecular Diels-Alder reaction of a 
hydroazulene and a cyclopropene with the cycloaddition process efficiently controlling 
the relative stereochemistry of four contiguous asynunetric centres. 
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OMe 
b 
210 211 212 
OMe OMe 
c 
214 215 
(a) i) LilMeNH2; ii) Me!, NaH, THF, O°C; iii) Bu4NF, THF, rt; iv) (COClh, DMSO, 
Et3N, DCM, -7SoC; v) OSOJMe3NO, Me2C(OMe)2, H+, 75%; (b) i) lithium tetramethyl 
piperidide/Tf2NPh; ii) Pd(OAch/COlPh3PlEt3NlMeOH; Hi) DIBAL, -7SoC; iv) 
(COClb DMSO, Et3N, DCM, -7SoC; v) Ph3P+CH20Me Crl"BuLi, O°C, 55%; (c) gem- . 
dimethylcyclopropenecarboxylate (213), Skbar, DCM, 60%. 
Scheme 34 
Preparation of the tetracycles (214) and (215) using an intennolecular Diels-Alder 
reaction is outlined in Scheme 34. Starting from the readily available tricycle (210), 
cleavage of the oxygen bridgehead with lithium in methylamine followed by treatment 
of the resulting alcohol with sodium hydride and methyl iodide gave the methyl ether. 
Deprotection of the silyl ether provided the alcohol which underwent Swem oxidation 
to give the ketone. Finally the double bond was cis-dihydroxylated and the resulting 
diol protected as the isopropylidene ketal to give the hydroazulene (211) in 75% overall 
yield. Fonnation of a vinyl triflate followed by n-complexation with palladium and 
carbonylation gave the methyl ester. DIBAL reduction of the ester to the alcohol and 
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subsequent Swem oxidation gave the aldehyde. Wittig olefination gave the 
methoxydiene (212) as a 2: 1 mixture of geometrical isomers in favour of the trans 
isomer. 
Previous work by Rigby has shown that cycIopropene dienophiles fail to react at any 
appreciable rate with Z-dienes under high pressure conditions.91 This strategy makes 
use of a carbonyl-activated dimethylcycIopropene which also allows for oxygenation at 
C-12. Treatment of (212) with gem-dimethyIcycIopropenecarboxylate (213) under high 
pressure conditions provided the tetracycIes (214) and (215) in 60% yield based on the 
E content of the starting mixture. 
In more recent work, Rigby described a unified entry into tigIiane, ingenane and taxane 
ring systems based on a transition metal-promoted (61t + 41t] cycIoaddition (Scheme 
35).92 The bicyclo[ 4.4.1]undecane system was assembled using the chromium (0) 
assisted (61t + 41t] cycIoaddition of the cycIoheptatriene complex (216) to 
l-acetoxybutadiene under photolytic conditions. Deprotection followed by Swem 
oxidation afforded the enone (217) in 65% yield. Conversion of the enone (217) to the 
a-ketol (218) was achieved using potassium hexamethyldisilazide and the Davis 
oxaziridine reagent in 82% yield. 
In order to prepare for the planned a-ketol rearrangement to the bicyclo[5.4.0]undecane, 
the carbon skeleton was fully reduced. Conjugate addition using a cuprate to the enone 
(218) followed by reduction and elaboration of the rings' functionality gave the 
monoprotected alcohol (219) in 45% yield. The alcohol (219) was then subjected to 
aluminium triisopropoxide in refluxing benzene to give a 1: 1 mixture of isomeric 
products (220) and (221). Both (220) and (221) possess the basic BC ring system of 
phorbol and should allow simple A-ring introduction. 
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·OlBDMS Q 
Cr(CO)3 
216 
d 
o lBDMSO 
a C 
-----l)O~ HO 
bl217 R=lBDMS,X = H 
'-218 R = lBDMS, X = OH 
+ 
lBDMSO 
220 221 
H 
219 
(a) i) CH2=CHCH=CHOAc, hv; ii) triton-B®, MeOH, rt.; (COClh, DMSO, Et3N, DCM, 
-78°C, 65%; (b) KHMDS, THF, Davis reagent, -78°C, 82%; (c) i) Me2CuLi, Et20, 
-78°C; ii) NaBH4, CeCb.7H20, MeOH, O°C;' iii) Ag20, MeCN, reflux, 45%; iv) 
H21Pt02, MeOH; v) Dess-Martin, DCM, 76%; (d) Al(OPr3), PhH, 80°C, 87%; 
Scheme 35 
1.4.4 Harwood's Approach To Phorbol 
In 1990 Harwood reported the synthesis of the carbotricyc1es (228) and (229) using a 
low temperature intramolecular Diels-Alder reaction of furans (IMDAF) at ambient 
pressure.93 The IMDAF precursor (227) was prepared from 3-allycyc1opent-2-enone 
(222) as outlined in scheme 36. 
According to a procedure reported by Lipschutz, 1,4-addition of lithium di-(2-
furyl)cyanocuprate to 3-allycyc1opent-2-enone (222) in the presence of BF 3.EhO gave 
(223) as a 3:1 mixture of trans:cis conjugate addition products. This ratio could be 
increased in the favour of the trans product by epimerisation with sodium methoxide in 
methanol. The trans-adduct (223) was isolated in 28% yield, but the crude product 
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(54% yield) was suitable for further elaboration. Protection of trans-(223) as the 
ethylene ketal (224), followed by hydroboration and oxidation of the tenninal alkene 
provided the alcohol (225) in 68% yield over two steps. Swem oxidation of (225) gave 
the unstable aldehyde (226) which was reacted immediately with vinylmagnesiurn 
bromide to afford the allylic alcohol in 62% yield. Swem oxidation gave the crude 
IMDAF precursor (227) in quantitative yield. 
223 
d )00 
", /'.. ,OH 
',/ '-./ 
225 
f 
228 
b )0 
° ~""~ 
U ° 
226 
+ 
e 
229 
(a) i) lithium di(2-furyl)cyanocuprate, BF3.Et20, THF, -78°C; ii) NaOMe, MeOH, 28%; 
(b) i) HOCH2CH20H, PTSA, PhCH3, quant.; (c) B2H6, THF; iii) H20 2, NaOH, H20, 
68%; (d) (COCl)2, DMSO, DCM, Et3N, -50°C, quan!.; (e) i) CH2=CHMgBr, THF, 
64%; ii) (COCl)2, DMSO, DCM, Et3N, _50°C, quan!.; (f) Si02, CHCh, -12°C, 7 days. 
Scheme 36 
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Exposure to silica in chloroform gave rise to two new products (228) and (229) in a 
ratio of 1:2 in favour of the exo-cycloadduct (229), which crystallised out of the 
mixture. This was the first example of a 6,7-carbobicyclic system being formed by an 
IMDAF reaction without the use of high pressures. The high reactivity can be attributed 
to the branching on the tethering chain. The exo-adduct (229) possesses the correct 
phorbol stereochemistry at C-4, C-8, C-9, C-I0 and C-13. 
Harwood has also investigated the effects of a doubly activated dienophile (Scheme 
37}.94 Starting with the aldehyde (226) described above, 1,2-nucleophilic attack of 
lithium propiolate gave the propynyJic alcohol (230) in 42% yield as a 1:1 mixture of 
isomers. Reduction of(230) using Lindlar's catalyst gave the Z-ct,~-unsaturated ester in 
67% yield, and subsequent oxidation with activated manganese dioxide gave the cis-
keto ester (231) in 65% yield. Exposure of (231) to high pressure conditions, followed 
by hydrogenation of the crude mixture, provided the endo-cycloadduct (232) in 38% 
yield and the exo-cycloadduct (233) in 18% yield. Selective epimerisation of the endo 
adduct (232) gave two novel 5,6,7-tricycles in a 5:1 ratio, the C-8 epimer (234) and the 
C-14 epimer (235). The major carbotricycle (234) possesses the correct stereochemistry 
at six asymmetric centres and has potential for further functionalisation towards 
phorbol. 
'-'::: '-'::: 
~ 0 ~ 0 
a 
yC02Et 
b 
~ ... 
o ~"'~ "" ~ " \--10 OH LJ 0 
226 230 
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c 
····"'IlC02Et 
°UO ° 
231 232 233 
234 235 
(a) LiC",CC02Et, THF, -70°C, 42%; (b) i) H2 (1 atm), Lindlar cat., rt., 67%; ii) Mn02, 
CCI4, rt., 65%; (c) i) 19kbar, DCM, 5 min; ii) H2 (15 atm), EtOAc, PdlBaS04, 56%; 
(d) NaOEt cat., EtOH, rt. 
Scheme 37 
In 1991 Harwood reported an extension of this work to include the a-C-9-hydroxyl 
group as found in phorbol (240).95 The key lMDAF precursor (237) was prepared from 
2-allylcyclopentenone as outlined in scheme 38. 
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(a) i) 2-benzylthiofuran, CH3SiI, (CH3hC=CHCH3, DCM, -70°C, 75%; ii) 
HOCH2CH20H, PTSA, PhCH3, 97%; (b) i) B2H6, THF; ii) H202, NaOH, H20, 77%; 
iii) (COCI)2, DMSO, DCM, Et3N, -50°C, quant., iv) LiC=CC02CH3, THF, -80°C, 82%; 
v) H2, PdlBaS04, rt., quant., vi) (COClh, DMSO, DCM, Et3N, -50°C, 73%; (c) i) 19 
kbar, DCM, 13 h, 68%; ii) H2 (IS atm.), EtOAc, PdlBaS04, 83%; (d) NaOMe cat., 
MeOH, rt., 84%; (e) HgCh, aq. CH3CN, 50°C, 8 days, 57%. 
Scheme 38 
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Trimethylsilyl iodide-mediated 1,4-addition of 2-benzylthiofuran to (222) gave (236) in 
75% yield as a 12:1 ratio in favour of the trans isomer. Using the methodology 
described above, Swern oxidation afforded the cis-IMDAF precursor (237) in 45% yield 
over six steps. A 0.1 mol dm·3 solution of (237) in dichloromethane was subjected to 
high pressure conditions for 13 hours to give only the endo cycloadduct (238) in 65% 
yield after hydrogenation. Epimerisation at C-8 furnished (239) as a single product in 
84% yield. Hydrolytic cleavage of the oxygen bridge using mercuric chloride and 
aqueous acetonitrile at 50°C over eight days gave the a-C-9 hydroxy carbotricycle (240) 
in 58% yield. The a-thiobenzylfuran substrate (237) not only permits cleavage of the 
bridgehead oxygen but also enhances the IMDAF reaction to provide a tricycle with the 
correct relative stereochemistry at C-4, C-8, C-9, C-IO and C-14. 
Recently Harwood et al. have reported the inclusion of the C-II methyl group through 
incorporation of a methyl group in the 4-position of the furan. 96 
Initial attempts made using 2-phenylthio-4-methylfuran failed to undergo the key 
cycloaddition reaction. Molecular modelling experiments proposed two possible 
reasons, either steric interactions between the methylene protons of the cyclopropane 
ring and the methyl group on the furan, or the 2-phenylthio-substituent was no longer 
enhancing the electron density of the HOMO of the furan. This led to a return to the 
2-benzylthio-substituted furans, which, with the established methodology could be 
transformed in the desired IMDAF precursor for the cycloaddition reaction (Scheme 
39). 
Using the previously detailed methodology, trimethylsilyl iodide-mediated 1,4-addition 
of2-benzylthio-4-methylfuran to (222) followed by protection as the ketal gave (241) in 
60% yield for the two steps. Subsequent hydroboration and oxidation of (241), gave the 
alcohol which was subjected to Swem oxidation to give the unstable aldehyde (242) 
which was immediately treated with methyl 3-lithiopropynoate to give the propynylic 
alcohol in 50% yield for the three steps. Partial hydrogenation of the alcohol in the 
presence of PdlBaS04 gave the crude a,p-unsaturated ester (243) in quantitative yield. 
The only modification to the previously reported methodology is the use of a Dess-
Martin oxidation to give the precursor (244) instead of a Swern oxidation. The 
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precursor (244) was subjected to the high pressure conditions for 17 hours at room 
temperature to give a single cycloadduct (245) in 45% yield. The inclusion of the 
methyl group on the furan ring also enhanced the stability of the cycloadduct enabling 
X-ray crystallography to be used to verify the structure. 
a SBn b SBn 
~ 
o 
222 241 242 
SBn I ~ SBn c d 0 e ~ ~ ~ ~ ~ 
o ~""~ o ~""~ 
U OH C02Me U ° C02Me 
243 244 
SBn 
245 
(a) i) 2-benzylthio-4-methylfuran, CH3SiI, (CH3hC=CHCH3, -78°C, 80%; ii) 
HOCH2CH20H, PTSA, PhCH3, A, 75%; (b) i) B2H6, THF; ii) H20 2, NaOH, 87%; iii) 
(COCl)2, DMSO, DCM, Et3N, -50°C, 95%; (c) i) LiC=CC02Me, THF, -80°C, 60%; ii) 
H2, PdlBaS04, rt., quant.; (d) Dess-Martin periodinane, DCM, 95%; (e) 19 kbar, DCM, 
17 h, 45%. 
Scheme 39 
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1.4.5 Page's Approach to Phorbol 
In 1991 our own group reported the construction of the ABC ring system of the tiglianes 
and daphnanes demonstrating the versatility of the intramolecular Diels-Alder (IMDA) 
reaction for the rapid construction of the BC ring system.97 The carbotricycles (253) 
and (254) were prepared from commercially available cyclopent-2-en-l-one (246) as 
outlined in scheme 40. 
Copper-catalysed conjugate addition of vinylmagnesium bromide to (246) and 
subsequent trapping of the enolate with trimethylsilyIchloride gave the siIyl enol ether 
(247) in 94% yield. Lewis acid catalysed conjugate addition of the enol ether (247) to 
diethyl methylene malonate (248) gave the ketone (249) in 77% yield as an inseparable 
mixture of trans:cis conjugate addition products, (5.4:1). The left hand unit was 
completed by protection of the carbonyl group of (249) as its ethylene ketal (250) in 
84% yield as a 7.3:1 mixture in favour of the trans isomer. The right hand unit (251) 
was prepared in three steps from acrolein. Deprotonation of the ketal (250) with LDA 
and subsequent attack on E-5-bromo-l,3-pentadiene (251) yielded the IMDA precursor 
(252) in 55% yield, 89% based on recovered starting material (6.5:1 trans:cis). 
9 a b C02Et >- .. ""~COEt ==<C02Et 
° 
OTMS 2 
° 248 C02Et 
246 247 249 
« « 
'-'::: 
c C02Et d >-
° ""'~CO Et .. ~Br ° ' C02Et lJO 2 251 lJO C02Et 
250 252 
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e 
+ 
(a) CH2=CHMgBr, CuBr.DMS (5 mol%), TMSCI, DMPU, THF, -78 -+ -40°C, 94%; 
(b) diethyl methylene malonate (248), SnCI4, DCM, -78°C, 77%; (c) HOCH2CH20H, 
PTSA, PhH, ~,84%; (d) LDA, THF, -78°C -+ rt., E-5-bromo-l,3-pentadiene (251), 
89%; (e) PhCH3, sealed tube, 160°C, 14 days, 70%. 
Scheme 40 
Heating (252) in a sealed tube in dry degassed toluene at 160°C for 14 days effected the 
cycloaddition to give a 1: 1 mixture of exo cycloadducts (253) and (254) in 70% yield. 
The carbotricycle (253) contains the correct relative stereochemistry at C-4, C-8, C-9 
and C-I0. 
This work was extended to provide the C-13 hydroxyl function that is present within the 
phorbol framework, as outlined in scheme 42.98 The oxygenated diene (257) was 
prepared in four high yielding steps from ethyl levulinate (255) (Scheme 41). 
Bromination-dehydrobromination afforded the enone (256) which was subsequently 
protected as the silyl enol ether. The ester was reduced to the alcohol with DIBAL and 
converted into the acetate (257) using acetic anhydride and triethylamine in an overall 
yield of83%. 
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o OTIPS 
a ~ ~ b ~ J.--::- OAc 
C02Et ~
255 256 257 
(a) i) Br2, CHCb; ii) Et3N, DCM, 95%; (b) i) TIPSOTF, EhN, Et20, 96%; ii) DlBAL, 
THF, 99%; iii) AC20, DMAP, Et3N, DCM, 91 %. 
Scheme 41 
Deprotonation of the ketal (250), described above, with LHMDS and treatment of the 
resulting anion with a palladium ll-complex prepared from the oxygenated diene (257) 
and tetrakistriphenylphosphine palladium (0), provided the IMDA precursor (258) in 
77% yield. The triene (258) was heated for three days at 150°C to give an inseparable 
mixture of the exo adducts (259) and (260) in 45% yield together with unreacted (258) 
(11 %) and the deprotected enone (30%) (Scheme 42). 
b 
a 
OTIPS 
~OAC 
257 
OTIPS 
+ 
OTIPS 
~ 
OTIPS 
(a) i) ketal (250), LHMDS, THF, -78°C; ii) Pd2(dba)3.CHCb, CHCb, Ph3P, THF, diene 
acetate (257), 77%; (b) PhCH3, sealed tube, 150°C, 3 days, 45%. 
Scheme 42 
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Further to this work, we have recently reported the oxygenation of the diene to provide 
the C-12, C-13 hydroxyl functions present in phorbo1.99 The triene (258) was treated 
with m-CPBA and sodium bicarbonate to provide the enone (261) in 45% yield. The 
IMDA precursor (262) was obtained in 65% yield by treatment of(261) with TIPSOTf 
in the presence of triethylamine. The IMDA reaction was carried out in a sealed tube in 
the presence of Hiinig's base over 14 days at 240°C, to afford a 1:1 mixture of the 
cycloadducts (263) and (264) in 80% yield. The cycloadduct (263) possesses the 
correct stereochemistry of phorbol across both ring junctions and also at C-12 (Scheme 
43). 
OTIPS 
'-':::: 
OTIPS 
° 
0« o~ .0 .0 a .. 
lJO C02Et C02Et 
lJO C02Et C02Et 
258 261 262 R=TIPS 
OTIPS OTIPS 
OTIPS OTIPS 
c 
+ 
(a) m-CPBA, NaHC03, DCM, rt., 45%; (b) TIPSOTf, Et3N, Et20, 65%; (c) PhCH3, 
sealed tube, ipr2EtN, 240°C, 14 days, 80%. 
Scheme 43 
Finally, we have also described the cyclopropanation of the tricycles (253) and (254). 
Using dibromocarbene, generated in situ from bromoform and sodium hydroxide in the 
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presence of benzyltriethylammonium bromide as a phase transfer catalyst, provided the 
tetracycles (265) - (268) in 91 % total yield (Scheme 44).100 
In order to establish the relative stereochemistry of the products, we had planned to 
convert the ketal moiety into the 2,4-dinitrophenylhydrazone derivative. Unfortunately 
a suitable crystal could not be obtained for X-ray crystallography, but fractional 
crystallisation from hot ethanol separated the isomers into two pairs, (265) and (266), 
and (267) and (268), in a 1: 1 ratio and each containing a (rans fused AB and BC ring 
junctions. Further separation by thin layer chromatography provided the isomers (267) 
and (268) in a 3.4:1 ratio. This cyclopropanation reaction provides the desired 
tetracycles, resulting from attack of the dibromocarbene at the ~-face, as the major 
products. 
a 
+ ~ 
C02Et C02Et 
C02Et C02Et 
253 254 
"H 
, Br 
'" 
'" Br H 
+ + 
C02Et C02Et 
C02Et C02Et 
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+ 
(a) CHBr3, NaOH, BnN(EthBr, DCMlH20, O°C, 91 % 
Scheme 44 
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This synthetic strategy provides the tigliane framework in six steps and could be made 
more efficient by sUbjecting isolated (253) to cyclopropanation. The tetracycle (265) 
contains the correct stereochemistry at C-4, C-8, C-9, C-lO, C-13 and C-14, and has 
potential for further elaboration towards phorbol. 
1.4.6 Dauben's Approach To Phorbol 
In 1993 Dauben reported the synthesis of the tigliane ring system using a stereospecific 
rhodium (11) acetate-catalysed cycloaddition to furnish the BC ring system (Scheme 
45).101 The C-6, C-9-oxido-bridged tigliane system (275) has the correct 
stereochemistry at six of the eight asymmetric centres found in phorbol, an a-C-12 
acetoxy group and the potential for introduction of the C-20 primary hydroxyl and the 
C-9 tertiary hydroxyl groups. The strategy adopted by Dauben uses an aldol reaction to 
couple the building blocks (269) and (270) containing the A and D rings respectively. 
The A ring portion (269) was prepared in five steps from l-carbethoxycyclopentane, 
and the D ring portion (270) was prepared from ethyl chrysanthemate in three steps. 
Treatment of carbethoxycyclopentanone (269) and the vinyl cyclopropane aldehyde 
(270) with LDA gave a 2.2:1 mixture of aldol products (271) in 81 % yield in favour of 
the C-12R epimer. The secondary alcohol of the inseparable isomeric mixture was 
acetylated and the primary hydroxyl group deprotected and oxidised to give the 
aldehyde (272). Condensation of (272) with ethyl diazoacetate and followed by diazo 
transfer gave the diastereomeric mixture of azo esters (273) and (274) in 61 % yield. 
The diastereomers were separated by colunm chromatography. 
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(a) LDA, THF, -78°C, overnight, 81%; (b) i) AczO, DMAP, pyr., rt.; ii) 48% HF, 
CH3CN, O°C, 10 min; iii) (COCI)z, DMSO, Et3N, -78°C; (c) i) Nz=CHCOzEt, SnCh, 
DCM,3 h, ii) MsN3, CH3CN, Et3N, rt., 61 %; (d) RhZ(OAC)4, PhCH3, 100°C, 1 h, 86%. 
Scheme 45 
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In the final step, the carbonyl ylide of (273) is generated in situ in the presence of a 
catalytic amount of rhodium (II) diacetate, and underwent cycloaddition with the olefin 
to give a I: I mixture of C-6, C-9 oxide-bridged ring systems (275) and (276) in 86% 
yield. The diastereomer (275) possesses the correct stereochemistry for phorbol. The 
rhodium-promoted ring closure reaction provides two new stereocentres at C-8 and C-9 
with the correct configurations relative to C-14 and C-15 in phorbol. 
1.4.7 McMilIs' Synthesis of the Tigliane BC ring system. 
In 1994 McMills described a similar approach to the tigliane ABC ring system 
previously detailed by Dauben.102 Compound (283) was prepared from cyclopentene-I-
carboxyaldehyde (277) as outlined in scheme 46. Nucleophilic attack of the Grignard 
reagent derived from 6-bromo-I-hexene on (277) provided the alcohol which underwent 
Swem oxidation to give the enone (278) in 79% yield. 1,4-Conjugate addition of 
diethylaluminium cyanide gave the nitrile (279) in 65% yield as an easily separable 
mixture of cis and trans isomers in a ratio of 6: I. Hydrolysis ofthe cis isomer gave the 
carboxylic acid (280) in 98% yield which was converted into the acid chloride with 
oxalyl chloride, and immediately treated with diazomethane to give the cyclisation 
precursor (281). Reaction of the diazoketone (281) with a catalytic amount of 
dirhodium tetraacetate is thought to produce the oxonium ylide (282) by attack of the 
carbonyl group at C-9 on a rhodium stabilised metallocarbenoid intermediate. The 
intermediate (282) is then trapped by the tethered olefin in a 1,3-dipolar cycloaddition 
reaction to form the carbotricycle (283) as a single isomer in 55% yield. The tandem 
cyclisation reaction provides the tigliane ABC ring system with the correct 
stereochemistry at C-8 and C-9 and has potential for the introduction of the u-C-9 
hydroxyl group by regioselective cleavage ofthe ether bridge. 
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(a) i) CH2=CH(CH2)3CH2MgBr, THF; ii) (COC1)z, DMSO, Et3N, 79%; (b) Et2A1CN, 
PhH,65%; (c) 20% NaOH, MeOHlFhO, 98%; (d) i) (COC1)z, Et3N; ii) CH2N2, 81%; 
(e) Rh2(OAc)4 (2 mol %), DCM, rt., 55%. 
Scheme 46 
1.4.8 Paquette's Construction ofthe Tigliane Skeleton 
In 1994 Paquette reported the serendipitous but concise synthesis of an enantiomerically 
pure tigiiane-type skeleton.103 His aim was to develop a strategy which would access 
both phorbol and the closely related ingenol. The tetracycle (292) was prepared in six 
steps from commercially available (+ )-carvone using an anionic oxy-Cope 
rearrangement and base catalysed cyclisation as outlined in scheme 47. 
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Starting from the (+)-4-vinylbromide of carene (284), metal halogen exchange using 
t-butyllithium and in situ conversion to the dichlorocerate to reduce nucleophile 
basicity, and condensation with 2-chlorocyclohexanone (285), provided the 
chlorohydrins (286) and (287) in 60% yield as a 1: 1 mixture of diastereoisomers. 
Separation of the diastereoisomers and treatment of (286) with excess vinylmagnesium 
bromide gave (288) in 60% yield by a 1,2-antiperiplanar shift of the 2-carenyl 
substituent followed by attack of the resulting ketone on the less sterically hindered 
a-face by a second equivalent of the Grignard reagent. Anionic oxy-Cope 
rearrangement of (288) with potassium hydride and 18-crown-6 in THF provided the 
carbo tricycle (289) in 77% yield. 
H H 
- -
284 285 286 287 
H 
b CC c d .. .' ... ... . ~
OH 0 
288 289 
+ 
e 
.. 
o o 
290 291 
(a) i) 'BuLi, CeCh; ii) (285), 60%; (b) CH2=CHMgBr, PhH, t:,., 60%; (c) KH, 
18-crown-6, THF, t:,., 77%; (d) m-CPBA, DCM, rt., 86%; (e) LDA, THF, 71%. 
Scheme 47 
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Epoxidation of (289) with m-CPBA provided the epoxides (290) and (291) in 86% yield 
as a 1:1 mixture. Separation of (291) by chromatography, followed by cyclisation with 
LDA in THF at -78°C, gave the tetracyclic ketone (292) in 71 % yield. Compound (292) 
possesses a C-18 methyl group and the absolute configuration in common with phorbol 
at six of the ring junction carbons, including a hydroxyl group at C-9. Further 
functionalisation towards phorbol seems amenable by modification of the synthetic 
route. 
1.4.9 Little's Model Studies Directed Towards Phorbol 
Little has described the first diyl trapping reaction for the potential synthesis of the 
carbon framework of phorbol (Scheme 48).104 The success of this strategy lies in the 
design of the diyl precursors (297) and (298). The first carbon atom exocyclic to the 
diyl ring must have an oxygen atom substituent as this will become C-9. The tether 
must also be suitably functionalised as this provides the C ring, and the electron 
withdrawing group attached to the a-carbon atom of the diylophile must be able to 
facilitate ring expansion to provide the desired 5,7,6 ring system found in phorbol. 
The optically active oxazolidinone (293) was prepared in five steps from commercially 
available norephedrine. Treatment of (293) with hydrogen peroxide gave the carboxylic 
acid in 87% yield. Conversion to the acid chloride with oxalyl chloride and a 
subsequent reaction with potassium cyclopentadienide and pivaloyl chloride led to the 
formation of the fulvene (294) in 44% yield for the two steps. Diels-Alder 
cycloaddition between (294) and bis-(2,2,2,-trichloroethoxy)azodicarboxylate gave the 
cycloadduct (295) in 97% yield. Palladium hydroxide-mediated hydrogenation of the 
double bond and hydrogenolysis of the benzyl group took place in 74% yield. 
Conversion of the carbamate linkage into the diazene unit using zinc-copper couple and 
potassium ferricyanide, followed by Swem oxidation afforded the aldehyde-diazene 
(296) in 71 % yield. 
The diyl precursors (297) and (298) were formed using a Homer-Emmons reaction in 
73% and 67% yield respectively. The intramolecular diyl trapping reaction proceeded 
in high yield by heating under reflux in acetonitrile to provide the desired carbotricycles 
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(299) and (300) with control of both relative and absolute stereochemistry at six 
contiguous asymmetric centres. 
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.. 
(a) i) LiOH, 30% H202, THFIH20 3:1, O°C, 87%; ii) (COCl)2, DMF (cat.), PhH, 5°C; 
iii) CsHs, KN(TMSh, degassed THF, HMPA, -78°C, 5 equiv. 'BuCOCl, 44%; (b) 
CHCh, _4°C, CI3CCH202CN=NC02CH2CCh, 12 h, 97%; (c) i) H2, Pd(OH)2, EtOH, rt., 
1.5 h, 74%; ii) Zn(Cu), MeOH, O°C ~ rt., O.3M aq. K3Fe(CN)6, THFlEt20, O°C, 1.5 h, 
80%; iii) (COClh, DMSO, DCM, _72°C, 2 h, Et3N, _72°C ~ rt., 89%; (d) 
(MeOhPOCH2COCH3, KHMDS, THFIDMSO 1:1, O°C, 30 min., then add (296), THF, 
1.5 h, 73%; or (MeO)2POCH2COCH20Bn, NaHMDS, THFIDMSO 1:1, O°C, 30 min., 
then add (296), THF, 1.5 h, 67%; (e) CH3CN, 11, 2.5 h. 
Scheme 48 
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1.5 CONCLUSION 
Much has been learnt about the biological activity and mode of action of phorbol esters 
since their first isolation by Bohm in 1935. Their diverse biological activity and the 
discovery that PKC is a receptor for phorbol has lead to a great deal of interest in both 
phorbol and its closely related diterpenes. However, to further our understanding in this 
area there is a need for the synthesis of both natural and unnatural phorbol analogues. 
As a result there has been much interest towards the synthesis of phorbol and its 
analogues, and examining their interactions with PKC. This has led to a variety of 
strategies being reported over the past twenty years, including an asymmetric synthesis, 
two racemic total syntheses and enantiopure syntheses of the tigliane skeleton. The 
closely related daphnanes and ingenanes also show intriguing biological activities. 
Recently, Wender has reported an enantiocontrolled total synthesis of the daphnane 
diterpene (+)-resiniferatoxin (150) by an extension of the [5 + 2] oxidopyrylium-alkene 
cycloaddition strategy (Scheme 25).84 Future work in this area may provide all three 
classes of diterpenes through a unified synthetic route. 
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CHAPTER Two - RESULTS AND DISCUSSION 
2.1 INTRODUCTION 
Initially, we aimed to follow our previously reported methodology to prepare the 
tigliane framework and then adopt the successful methodologies to introduce further 
functionalization for the total synthesis of phorbol. 
2.2 RETROSYNTHETIC ANALYSIS 
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Our initial retrosynthetic analysis of phorbol (1) is outlined in scheme 1. Disconnection 
of the cyclopropane ring leads back to the ABC tricycle (2) which is suitably 
unsaturated within the C ring to allow further disconnection via an intramolecular Diels-
Alder (IMDA) reaction to provide the triene (3). The IMDA reaction is the key step in 
our synthesis, providing the seven membered B ring and the six membered C ring of 
phorbol. It is of interest that there are very few examples of IMDA reactions in which 
the ring system fonned is the CIl bicyclo [5.4.0] undecane, containing fused six- and 
seven-membered rings.' The IMDA reaction generates up to four new asymmetric 
centres with a high degree of predictability and stereo control, offering great potential 
for our synthesis. Six of the eight asymmetric carbon atoms found in phorbol are 
located around the six membered C ring. The triene (3) can be further disconnected to 
give an A ring subunit (5) able to sustain a carbanion at C-6, as well as suitably 
functionalized diene (4) containing a good leaving group. Disconnection of (5) gives 
the enolate (6) and the a,l3-unsaturated electrophiIe (7). Access to (6) could be enabled 
via conjugate addition of a suitable vinyl anion (9) to cyclopent-2-enone (8). 
In summary, our synthetic strategy involves an organometallic conjugate addition onto a 
cyclopent-2-enone, followed by Lewis acid mediated Mukaiyama conjugate addition of 
a siIyl enol ether to an a,l3-unsaturated ester. The third step involves a convergent diene 
coupling reaction, followed by the key IMDA reaction, and finally cyclopropanation to 
provide the tetracycle. 
2.3 RESULTS AND DISCUSSION 
Initially we aimed to prepare the carbon skeleton of the tigliane ring system and then 
adapt the successful methodologies to introduce further functionalization for the total 
synthesis of phorbol. 
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2.3.1 Organometallic Conjugate Addition - Enolate Trapping Reaction 
The first step in our synthesis of the tigliane framework involves a copper (I)-catalysed 
conjugate addition of a simple vinyl anion onto cycJopent-2-enone (10) followed by 
trimethylsilyl chloride trapping of the resulting enolate. 
"R CuLiu 
2 )0 ~R 
O-trapping C-trapping 
Scheme 2 
Conjugate addition of lithium dialkylcopper reagents has found widespread application 
in organic synthesis.2 This type of reaction was first carried out using a catalytic 
amount of the copper species by Kharasch in 1941, but did not give reproducible results 
and suffered from a lack of selectivity between 1,2- and 1,4-addition.3 Various 
stoichiometric copper species have been shown to be selective but require excess 
alkylating agent; furthennore, the temperature required to effect the reaction is often 
sufficient to cause decomposition of the reagent.4 The enolate anions fonned as a result 
of conjugate addition between a,~-unsaturated carbonyl compounds and the lithium 
dialkylcopper reagents can undergo 0- and/or C-trapping, depending on the choice of 
the electrophilic trapping reagent, to provide ~-substituted enol derivatives or 
a,~-disubstituted ketones as outlined in scheme 2. The preparation of silyl enol ethers 
in a regiospecific manner by silylation of enolates generated by conjugate addition of 
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copper-catalysed Grignard reagents to a,(3-unsaturated ketones was first demonstrated 
in 1968 as outlined in scheme 3.5 
o OTMS 
a 
CH3 CH3 CH3 
a) i) H3C-MgBr, CuCI, Et20; ii) TMSCI, Et3N, HMPA, 92%. 
Scheme 3 
Silyl enol ethers are versatile synthetic intermediates and have, for example, been used 
as precursors to a-bromoketones,6 a-hydroxylated ketones/ and a,~-unsaturated 
ketones,8 and have been cleaved by ozonolysis.9 However, their main use is as 
regiospecific enolate equivalents in carbon-carbon bond forming reactions.1O This is 
demonstrated in the second step of our synthetic strategy. 
In 1986 Nakamura and Kuwajima reported that the presence of trimethylsilyl chloride 
(TMSCI) and hexamethylphosphoramide (HMPA) during the conjugate addition of 
vinyl magnesium bromide catalysed by copper (I) bromide dimethyl sulfide complex 
(CuBr.DMS), provided selectivities, in some cases, for 1,4-addition in preference to 1,2-
addition, which were not available using stoichiometric reagents, scheme 4. The 
presence of TMSCl and HMP A also removed many of the drawbacks, such as 
reproducibility and selectivity, of the classical catalytic procedure. ll 
OTMS 
a 
a) H2C=CHMgBr, 5 mol% CuBr.DMS, TMSCI, HMPA, Et3N, THF, -78°C, 97%. 
Scheme 4 
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Nakamura and Kuwajima have also demonstrated that TMSCl is not a simple enolate 
trap, but actually accelerates the addition reaction. In 1989 they reported the use of 
TMSCl in the presence of HMPA or 4-dimethylaminopyridine (DMAP) as a means of 
accelerating copper-catalysed conjugate addition of Grignard reagents and 
stoichiometric addition of lithium dialkylcopper reagents to enones, enals and enolates 
with high degrees of regio-, stereo- and chemoselectivities.12 Their catalytic procedure 
uses S mol% CuBr.DMS complex which is easily prepared, crystalline and stable to 
storage. 13 The widely used lithium organocuprate reagents suffer from oxidation,14 and 
thermal decomposition15 resulting in the formation of Cu(O) as a black colloidal 
suspension which is thought to catalyse the decomposition of still more copper 
reagent. 16 
The use ofCuBr.DMS complex is advantageous in that commercially available Cu(I)Br 
can be readily purified to remove undesirable transition metal impurities, Cu(lI) salts, 
and the DMS ligand is Iow boiling, allowing easy separation from reaction products. 
Generally ether and THF are the preferred solvents for conjugate addition, however, 
Nakamura and Kuwajima found THF to be far superior for their procedure. 
We applied this methodology to our own system under modified conditions by 
replacing the toxic and highly carcinogenic HMPA with DMPU as a safer altemative.17 
Initial attempts of the CuBr.DMS catalysed conjugate addition of vinyImagnesium 
bromide onto cycIopent-2-enone (10) in the presence of TMSCl and DMPU provided 
the desired siIyl enol ether (11) in very Iow yield (21 %) after distillation as outlined in 
schemeS. 
This reaction was proving to be rather fickle and difficult to reproduce. As it is the first 
stage in the synthesis a reproducible reaction is required. Many attempts were made to 
optimize the reaction, and it was finally found that the solvent has to be rigorously 
dried. Commercially available anhydrous THF contains too much water and leads to 
the decomposition of the trapped enolate. Unfortunately, just before the start of this 
research, the chemistry department at Loughborough was very badly damaged by a fire 
resulting from drying THF. Consequently, drying of THF was seriously discouraged 
for a considerable portion of the Ph.D. 
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Perfonning the same reaction with freshly prepared anhydrous THF gave the desired 
silyl enol ether (11) in a much improved yield (52%). 
9 a 
o OTMS 
10 11 
a) H2C=CHMgBr, 5 mol% CuBr.DMS, TMSCl, DMPU, Et3N, THF, -78 ~ -40°C, 
52%. 
Scheme 5 
2.4 LEWIS ACID MEDIATED CONJUGATE ADDITION 
The second stage in our synthesis involves a Mukaiyama-type Lewis acid mediated 
Michael addition between the silyl enol ether (11) and a suitable a.,~-unsaturated ester. 
We envisaged that the resulting conjugate addition product would be able to sustain a 
carbanion at C-6 to allow for the subsequent diene coupling reaction. Furthennore, a 
suitably functionalized Michael acceptor would provide a handle to introduce the C-6 
double bond at a later stage in the synthesis, probably after the IMDA reaction. 
2.4.1 Michael Acceptor Synthesis 
The simple diethyl methylenemalonate (14) was initially used for the construction of the 
tigliane framework without the C-6 double bond. ls• 19 Diethyl methylenemalonate (14) 
was prepared in 48% yield by a Knoevenage1 reaction between diethyl malonate (12) 
and parafonnaldehyde (13) as outlined in scheme 6. 
93 
)-OEt 
J.-OEt 
o 
12 
+ +CH,o+. 
13 
a) KOAc, Cu(OAc)z.H20, AcOH, 48% 
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a 
-.J-OEt 
~OEt 
o 
14 
Scheme 6 
The reaction was carried out in acetic acid and catalysed by potassium acetate and 
copper (II) acetate as described by Bachman and Tanner. ls Diethyl methylenemalonate 
(14) is extremely unstable due to polymerization but can be prepared on a large scale 
and recracked prior to use. Storage at -15°C also reduces the degree of polymerisation. 
This reaction also proved to be rather capricious, with considerable difficulties in 
isolating the desired diethyl methylenemalonate. 
2.4.2 Mukaiyama Conjugate Additions 
The Lewis acid mediated addition of silyl enol ethers to a,l3-unsaturated ketones, esters 
and aldehydes was first developed by Mukaiyama in the 1970s and is a variation of the 
Michael reaction which is generally base catalysed.2o Various Lewis acids have been 
employed in this carbon-carbon bond forming process, but titanium (IV) chloride and 
tin (IV) chloride are the most common. The reaction is usually carried out in 
dichloromethane and addition occurs rapidly, even at low temperatures (-78°C), 
producing I,S-dicarbonyl compounds in good yields. Heathcock has studied the 
stereoselection of these Mukaiyama-Michael reactions and concluded that there is a 
general tendency for anti-addition which is independent of both the metal ion and the 
enol ether stereochemistry (Table 1).21 
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0 0 
Et 
-
OTMS 0 MCI4,DCM, 15a 
Et~ ~ -78°C + )0 + 0 
Et 
-
15b 
METAL(M) YIELD(%) RATIO 15A: 15B 
Ti 52 12 88 
Sn 57 11 89 
Table 1 
We applied this methodology to our own synthesis as outlined in scheme 7. 
+ 
OTMS 
11 
~OEt 
~OEt 
o 
14 
SnCI4, DCM, 
-78°C, 37% 
Scheme 7 
I 0 
.... , )-OEt 
~OEt 
o 0 
16 
Initially we treated the silyl enol ether (11) with diethyl methylenemalonate (14) in the 
presence of SnCI4. The rate of addition and concentration of Lewis acid greatly affects 
the yield of this reaction; slow addition of a dilute solution of SnCl4 in dichloromethane 
gave the best results. The ketone (16) was obtained in 37% yield as an inseparable 
mixture of trans : cis conjugate addition products (5 : I). 
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Due to the problems already encountered, the lack of reproducibility of both the vinyl 
conjugate addition and the synthesis of diethyl methylenemalonate, and the necessity of 
generating the left-hand subunit in large quantities, alternative approaches to the IMDA 
precursor were investigated. 
2.5 ALTERNATIVE ROUTES To THE LEFT-HAND MOLECULE 
2.5.1 Addition of Cyanide 
Phorbol possess an a-methyl group at C-ll. Previous workers have introduced this by 
ozonolysis of (16) and Wittig olefination of the resulting aldehyde (17) to give the 
required dienophile (18), scheme 8.22 
I 0 0 
1'1=oB 1=oB ... 
" " OEt OEt 
0 0 0 0 
16 17 
C02Me C02Me,,-,:::: OTIPS 
,11=oB )0 h-
" OEt C02Et 0 0 0 C02Et 
18 19 
96 
CHAPTER Two - RESULTS AND DISCUSSION 
OTIPS 
20 
SchemeS 
A C-ll a-methyl group requires an E double bond, as the stereochemistry of the 
dienophile is retained in the product of the IMDA reaction. The Wittig reaction 
generally gives an E double bond when the ylide is stabilized by an electron 
withdrawing group. Diene coupling with (IS) to provide the triene (19) and subsequent 
IMDA reaction would lead to the formation of the required carbotricycle (20). An 
electron withdrawing ester group would control the stereochemistry via a stabilized 
ylide, and the resulting C-ll a-ester group could then be reduced to the desired methyl 
group. 
However, an alternative approach would be the conjugate addition of cyanide to 
cyc1opent-2-enone (10), and subsequent conversion to the aldehyde upon which a Wittig 
olefination could be performed. 
In 1972 Nagata showed that the conjugate addition of a cyano group with 
diethylaluminium cyanide led to an aluminium enolate?3 The potential of this reagent 
for conjugate addition and simultaneous functionalization at the a-position was 
investigated by Vandewalle and co-workers in 1978.24 They found that working up the 
initially formed enolate with trimethylsilyl chloride and pyridine gave the corresponding 
silyl enol ethers in good yield. 
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Q a yCN 
o OlMS 
21 22 
a) i) EtzAlCN; ii) TMSCl, Et3N, O°C ~ r.t., 60%. 
Scheme 9 
This methodology was initially investigated with cyclohex-2-en-l-one (21), which 
underwent the conjugate addition and subsequent trapping reaction cleanly and gave the 
desired product (22) in good yield (60%) (scheme 9). However, the same reaction 
carried out using cyclopent-2-enone (10) led only to an inseparable complex mixture of 
products. NMR and IR spectroscopy of the crude mixture showed the desired product 
(23), starting material (10) and several unidentifiable products (scheme 10). This 
occurred regardless of the duration, temperature or relative quantities of reagents the 
reaction was performed with. 
(( a 
o 
10 23 
a) i) EtzAlCN; ii) TMSCl, Et3N, O°C ~ r.t. 
Scheme 10 
In their synthesis of sarkomycin, Huet et al. made use of triethylaluminium and 
cyanotrimethylsilane to introduce a nitrile group into a range of substrates. They note 
that the 3-trimethylsiloxycyclopent·2-ene carbonitrile (23) is very sensitive to 
hydrolysis. However, decomposition of the excess cyanotrimethylsilane and 
triethylaluminium by addition of the strict amount of required water, and subsequent 
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alkylation of the silyl enol ether by chloromethyl phenyl sulfide in the presence of zinc 
bromide gave the sulfide (24) in 35% yield from cyclopent-2-enone (scheme 11).25 
a cl~ b ~s~ > > 9 
o 01MS 0 
10 23 24 
c 
eN y:: ~SO~h d > 
0 0 
25 26 
a) Me3SiCN, Et3Al, hexane, 0 ~ 60°C, 50 min.; b) PhSCH2Cl, ZnBr2, DCM, r.t., 18 
hr., 35% from (10); c) Oxone, MeOHJH20; d) basic Ah03, DCM, 54% from (24). 
Scheme 11 
However, when attempts were made to reproduce this reaction, results similar to those 
observed with the use of diethylaluminium cyanide were obtained. 
A final attempt to introduce the cyano moiety was based on an alternative method of 
introducing the cyano group to an enone described by Kocienski et al. in their synthesis 
of (±)-pederin H. The dihydropyranone (27) underwent a highly efficient and 
diastereoselective conjugate addition of a cyano group with cyanotrimethylsilane in the 
presence of boron trifluoride etherate to give the (3-cyanoketone (28), scheme 12. 
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~O'C:yoMe lr1 OMe a 
NCVO .... ~ 
.' . I OMe 
OMe 
o o 
27 28 
a) Me3SiCN, BF3.OEt2, DCM, O°C, 1.5 h; 95% 
Scheme 12 
If the dihydropyranone is replaced by cyclopent-2-enone and the reaction carried out, 
then the only product is an insoluble polymer. Again, this occurred repeatedly 
regardless of the temperature and duration of the reaction. 
We decided at this stage to return to the strategy where the desired aldehyde is obtained 
through the cleavage of a vinyl group on the cyclopentanone 
2.6 ALTERNATIVE ApPROACH TO THE LEFT HAND UNIT: 
As the conjugate addition reactions to cyclopent-2-enone were proving to be rather 
troublesome and low yielding, an alternative approach was investigated. This approach 
necessitated changing the order of the reaction scheme so that the malonate group was 
introduced prior to the conjugate addition of the desired functionality to the 
cyclopentenone portion of the molecule. This removes the need to trap the product of 
the conjugate addition as its silyl enol ether, which is very susceptible to hydrolysis by 
weak acids and/or water. 
In 1990 Tamura et al. reported the use of a-(phenylsulfonylalkyl)enones in desulfonyl-
alkylation reactions to give the SN2 type products.27 They reported the displacement of 
the phenylsulfonyl group with a variety of nucleophiles leading to the SN2 type 
products. Previous work had been performed using a-(nitroalkyl)enones, but it was 
found that abstraction of the acidic a-nitro protons by the nucleophile generated the 
corresponding nitronate which then undergoes various undesired side reactions. This 
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led to the use of the phenylsulfonyl analogues which possess less acidic a-sulfonyl 
protons and resulted in successful reactions to produce the SN2 type products 
regioselectively. 
+ 
29 
DMF >-
r.t. 
R =HorMe 
R'=HorMe 
X = S02Ph or N02 
Scheme 13 
cjyN' 
o R' 
30 
Applying this type of methodology to our own work led to the synthesis of 
2-[(phenylthio)methyl]-cyclopent-2-enone (31) in a modification of the Petrow 
reaction.28 Cyclopent-2-en-l-one (10) was refluxed for six days with aqueous 
formaldehyde, triethylamine and thiophenol in ethanol to give the desired sulfide (31) in 
86% yield after purification by distillation (scheme 14). 
9 
° 
10 
a ~S~ 
o V 
31 
a) PhSH, CH20, Et3N, EtOH, reflux, 6 days, 86%. 
Scheme 14 
Dissolving the sulfide (31) in ethanol and steady addition of Oxone™ in water, cleanly 
oxidized the sulfide to the corresponding sulfone in excellent yield (97%), scheme 15.27 
It was also found that crude sulfide is commercially available in 90% purity. This could 
be oxidized to the sulfone (32) in reasonable yield (ca. 65%), the impurities being 
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removed by quickly washing with a dilute base such as aqueous potassium hydrogen 
carbonate. 
~s~ 
o V 
31 
a 
a) Oxone™, H20, EtOB, r.t., 16 hr., 97%. 
Scheme 15 
[\ M-o~ Y"-II -
o 0 
32 
Subsequent displacement of the phenylsulfonyl moiety in (32) by a diethyl malonate 
anion (12) at room temperature in DMF gave the desired product (33) in 90% yield, 
scheme 16. 
OEt 
~o \ 11 g~ 
o V 
a 
OEt 
o o 
32 33 
a) (C02Et)2CH2 (12), NaH, DMF, r.t., 2.5 hr., 90%. 
Scheme 16 
An additional bonus to this route is that the malonate addition is achieved without 
having to resort to a potentially capricious Lewis acid catalysed Mukaiyama type 
addition. 
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2.6.1 Alternative Route to (33): 
It has been shown that the reaction to generate the sulfide (31) from cycIopent-2-enone 
(10) takes place over six days and can be somewhat tricky to purify (scheme 14). This 
lead to us investigating an alternative route to the left hand portion (33). It was 
envisaged that 2-hydroxymethylcycIopent-2-enone could be synthesized, the hydroxyl 
group converted into a good leaving group which would be displaced by the diethyl 
malonate anion (scheme 17). 
9 ~ ~OH ~x 
o o o 
10 34 
35 
X = Leaving group 
OEt 
~ OEt 
o o 
33 
Scheme 17 
The one generally referred to synthesis of 2-hydroxymethy1cyclopent-2-enone involves 
a number of steps and has a low overall yield (23-28%) and is therefore unsuitable for 
our purposes.29 This led to the generation of the 2-hydroxymethyl moiety via a Baylis-
Hillman reaction of formaldehyde to cyclopent-2-enone being investigated. 
The Baylis-Hillman reaction results in the formation of a carbon-carbon bond between 
the a-position of activated alkenes and carbon electrophiles containing electron 
deficient Sp2 carbon atoms. The reaction is usually carried out under the influence of a 
suitable catalyst, particularly a tertiary amine, to give a multi functional molecule. There 
have been a number of catalysts used in the Baylis-Hillman reaction with 
diazabicycIo[2.2.2]octane (DABCO) being the most common.30 El Gaied et al. have 
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also reported the use of DMAP in the hydroxymethylation of 2-cyclohex-2-en-l-ones to 
give 2-(hydroxymethyl)-2-cyclohexenones in good yields, scheme 18.31 
Q a ~OH 
o o 
21 36 
a) H2CO aq., DMAP, THF, Lt., 82%. 
Scheme 18 
Applying this methodology to cyclopent-2-enone however, consistently resulted in the 
recovery of the starting materials. The table below summarises the various conditions 
that were tried. 
9 a ~OH 
o o 
10 34 
CATALYST SOLVENT TEMPERATURE RESULT 
(EQUIV.) 
DMAP(O.I) THF Room temp. Recovered starting materials 
DMAP(O.I) THF Reflux Recovered starting materials 
DMAP (1.0) THF Room temp. Recovered starting materials 
DMAP (1.0) THF Reflux Recovered starting materials 
DMAP (0.1) THF:H20(1:1) Room temp. Recovered starting materials 
DMAP (0.1) THF: H20 (1:1) Reflux Recovered starting materials 
DMAP (1.0) THF : H20 (1:1) Room temp. Recovered starting materials 
DMAP (1.0) THF:H20(1:1) Reflux Recovered starting materials 
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DABCO (0.1) THF Room temp. Recovered starting materials 
DABCO (0.1) THF Reflux Recovered starting materials 
DAB CO (1.0) THF Room temp. Recovered starting materials 
DABCO(I.O) THF Reflux Recovered starting materials 
DABCO (0.1) THF : H20 (1:1) Room temp. Recovered starting materials 
DAB CO (0.1) THF: H20 (1:1) Reflux Recovered starting materials 
DABCO(l.O) THF : H20 (1:1) Room temp. Recovered starting materials 
DABCO (1.0) THF : H20 (1:1) Reflux Recovered starting materials 
Another method that has been reported, is the use of paraformaldehyde and phosphoric 
acid in water, which is heated to 90°C and allowed to cool before ethyl acrylate (37), 
and DAB CO as catalyst, are added (scheme 19).32 This affords the ethyl 
a-(hydroxymethyl)acrylate (38) in 80% yield after purification. 
a 
37 38 
Scheme 19 
Using this procedure with cyclopent-2-enone, however, only led to the recovery of the 
starting materials. 
A paper by Uskokovic et al. reported that tributylphosphine and paraformaldehyde can 
be used to obtain the Baylis-Hillman adduct, but unfortunately no experimental details 
were given.33 Applying this methodology to cyclopent-2-enone, paraformaldehyde and 
tributylphosphine in THF gave rise to the desired 2-hydroxymethyIcyclopent-2-enone 
(34) in reasonable yield after purification by distillation, scheme 20. 
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9 a ~OH 
o o 
10 34 
Scheme 20 
The hydroxyl group was converted to the tosylate (39) by treatment with tosyl chloride 
in the presence ofDMAP. Subsequent displacement of the tosylate by malonate anion 
in the presence of lithium chloride afforded the desired product in reasonable yield, 
scheme 21. 
OEt 
~OH 
o 
a ~OTS 
o 
OEt 
o o 
34 39 33 
a) i) TsCl, Et3N, DMAP, DCM, O°C, 3 hr.; ii) (C02Et)2CW Na+, LiCl, O°C ~ r.t., 2 hr., 
62%. 
Scheme 21 
Due to time limitations, neither of these reactions were optimized. Work continuing in 
the group is pursuing this line of research. 
2.7 INTRODUCTION OF THE VINYL GROUP 
The next stage in the synthesis is to introduce the desired functionality into the left hand 
portion (33). This can be done via a copper catalysed addition of vinylmagnesium 
bromide utilizing similar conditions to those employed in the original addition of 
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vinylmagnesium bromide to cyclopentenone. The reaction ofthe left-hand portion (33), 
with excess vinylmagnesium bromide in the presence of a catalytic amount of copper 
bromide.dimethyl sulfide complex furnishes the desired product (16) in excellent yield 
as a mixture of cis and trans isomers (ca. 1:5 by NMR) (scheme 22). 
OEt 
OEt 
o o 
33 
a 
o 
o 
.... , -rOE! 
~OE! 
o 
16 
a) H2C=CHMgBr, 5 mol% CuBr.DMS, THF, -78°C ~ -40°C, 16 hr, 71%. 
Scheme 22 
Attempts to optimize the reaction to increase the yield or reduce the time using TMSCl 
and DMPU as in the original reaction failed to give any appreciable increases. 
Additionally, if the addition of vinylmagnesium bromide is performed on the 
phenylsulfide (31) or the phenylsulfonyl (32) derivatives only the starting materials are 
recovered. 
The initial route, the conjugate addition of vinylmagnesium bromide and the 
Mukaiyama addition of diethyhnethylene malonate, was able to synthesize (16) in two 
steps with an overall yield of 42%. This reaction scheme, by way of the sulfide (31) 
and sulfone (32), gives (16) in 53% yield over the four steps from cyclopent-2-enone 
(10) and also removes the need to use a fickle Lewis acid catalysed Mukaiyama 
conjugate addition. 
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2.8 GENERATION OF THE ALDEHYDE 
Previous work in the group has successfully perfonned the IMDA reaction with a triene 
containing the unactivated dienophile which lacked any additional functionality. A 
vinyl methyl ester located in the dienophile would provide the C-ll methyl group, 
which is present in phorbol, potentially improve the rate of the IMDA reaction and 
allow the possibility of Lewis acid catalysis. The methyl ester can be introduced by the 
Wittig reaction of (carboxymethoxymethylene)triphenylphosphorane to an aldehyde 
generated from the vinyl group attached to the cyclopentenone. 
2.8.1 Ozonolysis ofthe Vinyl Group 
The ozonolysis reaction is a good way of transfonning an alkene into an aldehyde.34 If 
the vinyl group we have introduced into the left hand portion of the molecule undergoes 
this transfonnation it will generate the aldehyde we require for the subsequent Wittig 
reaction. In our initial investigation into the ozonolysis reaction, the vinyl compound 
(16) was reacted with excess ozone in dichloromethane at _78°C to give the ozonide. 
This was then decomposed with excess dimethyl sulfide to give the desired aldehyde 
(40) as a single trans isomer in 50% yield after purification. Replacing the alkene with 
an aldehyde also leads to an increase in the acidity of the C-3 hydrogen which enables 
facile epimerization to give the more stable trans isomer. 
I 0 0 I 0 v~o~ a' ,~Olli ... 
" OEt OEt 
0 0 0 0 
16 40 
a) i) 03, DCM, -78°C; ii) DMS, DCM, -78°C ~ r.t., 16 hr, 50%. 
Scheme 23 
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In an attempt to increase the yield of the aldehyde, the ozonolysis reaction was studied. 
The literature shows that the product of the initial ozonolysis reaction is very solvent 
dependent. 35 If ozonolysis is performed in a protic solvent, such as methanol, then the 
initial product is a hydroperoxide, whereas in less polar, non-protic solvents such as 
dichloromethane the product is the ozonide, scheme 24. Depending on the reagent used 
to decompose the intermediate, the reaction conditions can be modified to try to 
optimize the yield. Reagents such as dimethyl sulfide are better at decomposing the 
hydroperoxide while reagents such as triphenylphosphine perform better at 
decomposing the ozonide. 
R. ..... 
01' MeOH C I 
... 
° I 
J OH R 
°l,DCM R---(°yR 
... 
0-0 
Scheme 24 
The hydroperoxide is able to undergo further side reactions before conversion to the 
aldehyde is able to occur which may be inhibited by the use of dichloromethane. 
Additionally, examples were found of cycIohexenone36 and a cyclopentane37 derivative 
undergoing ozonolysis in mixed solvent conditions to give the desired aldehydes in 
good yields. This led to the use of a mixed solvent system using dichloromethane and 
methanol in a 9:1 ratio, 3:1 ratio and a 1:1 ratio with the intermediate being decomposed 
with excess dimethyl sulfide. All of these reactions gave only a trace of the desired 
aldehyde (40) after decomposition of the intermediate with dimethyl sulfide. 
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I 0 
'1=0E< ~OE< a ~ " " OEt OEt 
0 0 0 0 
16 40 
a) i) 03, DCM:MeOH (9:1, 3:1 or 1:1), -78°C; ii) DMS, DCM, -78°C ~ r.t., 16 hr, 
trace. 
Scheme 25 
This led to performing the ozonolysis in methanol which was subsequently removed 
under high vacuum and the residue dissolved in dichloromethane to perform the 
decomposition of the intermediate hydroperoxide with excess dimethyl sulfide. This 
also gave the desired aldehyde (40) in 50% yield as the single trans isomer. 
I 0 
'1=oE< ,,~OE' a ~ 
" OEt OEt 
0 0 0 0 
16 40 
a) i) 03, MeOH, -78°C; ii) DMS, DCM, -78°C ~ r.t., 16 hr, 50%. 
Scheme 26 
Instead of decomposition of the hydroperoxide to give the desired product, the ozonide 
can also be generated and decomposed with triphenylphosphine to give the aldehyde 
(40). This led to the reaction being performed solely in dichloromethane at -78°C with 
the intermediate ozonide being decomposed by the addition of excess 
triphenylphosphine. This led to the formation of the desired aldehyde (40) in a slightly 
improved 55% yield. 
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o 
I .. J-OE< 
~OEt 
o 0 
40 
a) i) 0 3, DCM, -78°C; ii) Ph3P, DCM, -78°C ~ r.t., 16 hr, 55%. 
Scheme 27 
However, recent work in the group has shown that perfonning the ozonolysis reaction in 
dichloromethane and decomposing the ozonide with triphenylphosphine gave the 
aldehyde (40). The solvent was exchanged for THF and addition of an excess of the 
ylide without purification of the aldehyde gives the desired vinyl ester (41) in excellent 
yield for the two steps. 
I 0 0 
COzMe 
I 0 I 0 ,~OEO a , .. ~OE< b)o "" ~OE< )0 
" OEt OEt OEt 
0 0 0 0 0 0 
16 40 41 
a) i) 03, DCM, -78°C; ii) Ph~, DCM, -78°C ~ r.t.; b) Ph3P+CHzCOzMe (2.2 equiv.), 
THF, 87% for two steps. 
Scheme 28 
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2.8.2 Oxidative Cleavage 
An alternative to the ozonolysis reaction is to convert the alkene to the diol, which can 
then be oxidatively cleaved to give the aldehyde. A selective method of performing this 
transformation is through the use of catalytic osmIUm tetroxide and 
4-methyhnorpholine-N-oxide (NMO) as a reoxidant. In an attempt to perform this 
oxidation, the alkene (16) was stirred with osmium tetroxide, NMO in acetone and 
water (scheme 29). 
I 0 
..... rOEt 
~OEt 
o 0 
16 
a 
a) OS04, NMO, Me2COIH20 (2:1), r.t., seven days, no reaction. 
Scheme 29 
42 
However, the reaction of the alkene (16) with osmium tetroxide failed to give any of the 
desired product, even after prolonged reaction times only starting material was obtained. 
The commercially available AD-mix-a. and AD-mix-J3 contain an oxidant and a chiral 
ligand in the required ratios, making their use rather simple. In addition to directing the 
stereochemistry of the reaction, the chiral ligand also provides a significant rate 
enhancement.38 Both the mixes contain osmium tetroxide as the oxidant, potassium 
ferricyanate (K3Fe(CN)6) as a reoxidant and potassium carbonate. In the case of 
AD-mix-a. the ligand is bis(dihydroquinine)phthalazine «DHQhPhal, Figure 1)?8 
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Et 
OMe 
Figure 1 
Use of AD-mix-a in a mixture of tert-butanol and water at O°C should lead to the 
generation of the diol (42), however treatment of the alkene (16) with AD-mix-a 
returned only the starting materials (scheme 30). 
OH 
I 0 
,~OE< OH a C02Et > 
OEt 
0 0 0 C02Et 
16 42 
a) AD-mix-a, IBuOH / H20, O°C ~ r.t., 5 days, no reaction. 
Scheme 30 
Another commonly used oxidation system is ruthenium trichloride and sodium 
periodate, generating ruthenium tetroxide in situ. It was also thought that excess 
sodium periodate may cleave the diol to the aldehyde in a one pot procedure. The 
alkene (16) was mixed with ruthenium trichloride and excess sodium periodate in a 1:1 
mixture of water and ethanol, scheme 31. 
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OH 
I 0 ,~OE< a » » 
OEt 
0 0 0 C02Et 
16 42 
0 
I 0 
,,~OB 
" OEt 
0 0 
40 
a) NaI04, RuCi), EtOHIH20 (1:1), seven days, no reaction. 
Scheme 31 
Again, even with prolonged reaction times and with the quantities of ruthenium 
trichloride ranging from 10 mol % to stoichiometric amounts, and sodium periodate 
only the starting material was recovered from the reaction mixture. 
A final oxidation system that was attempted was the use of a homogeneous 
permanganate solution. The use of a phase transfer catalyst enables the use of 
potassium permanganate in organic solvents to oxidize olefins to 1,2-diols or 
aldehydes.39 To a solution of the alkene (16) in dichloromethane at O°C, was added a 
solution of potassium permanganate and triethylbenzylammonium chloride in 
dichloromethane, scheme 32. 
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OH 
1=08 a ~ 
" 
OEt 
0 0 
16 42 
a) KMn04, Et3W(Bn) Cr, DCM, ODC, 30-40 min. 
Scheme 32 
Unfortunately, this system generated only a complex mixture of products, allowing 
neither the starting material nor the desired product to be isolated. In all of these cases 
of oxidative cleavage where the starting materials were recovered, the recoveries of 
alkene were in the 85-95% range, indicating that the diol had never actually been 
formed rather than a problem with isolation. 
2.9 WITTIG REACTION 
With the aldehyde (40) in hand, it can be SUbjected to a Wittig olefination to obtain the 
vinyl ester. A C-ll a-methyl group would require an E double bond, as the 
stereochemistry of the dienophile is retained in the IMDA product. The Wittig reaction 
generally gives E double bonds when the ylide is stabilized by an electron withdrawing 
groUp.40 Diene coupling with (41) to provide the triene (43) and subsequent IMDA 
reaction would afford the desired carbotricycle (44) (scheme 33). An electron 
withdrawing ester group (E = C02Me) could control the stereochemistry via a stabilized 
ylide and the resulting C-ll a-ester could then be reduced to the desired methyl group. 
The IMDA reactions without the ester functionality on the dienophile require high 
temperatures in a sealed tube over a long period of time.22 The presence of an electron 
withdrawing group on the dienophile raises the possibility of milder reaction conditions 
and shorter reaction times. The presence of the ester and oxygenation on the diene 
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component also raises the possibility that Lewis acid catalysis may be utilized to further 
assist the IMDA reaction and introduces further potential of stereocontrol. Frontier 
molecular orbital theory explains this acceleration by complexation of the Lewis acid 
with the dienophile causing a significant lowering of the lowest unoccupied molecular 
orbital (LUMO) energy. Common Lewis acids used to accelerate Diels-Alder reactions 
include TiCI4, SnCI4, ZnCh (complexed with ethers), ZnBr2, BF3 (including ether 
complexes), EtAlCh, Et2AICl as well as achiral and chirallanthanide complexes.41 
o 
I 0 
"'" rOE! ~OEt 
o 0 
40 
E 
PO '-'::: 
o 
43 
OP 
Wittig 
.. 
E 
I 0 
" OEt 
.... ~OEt 
o 0 
IMDA 
... 
E=CO,Me 
P = Protecting Group 
Scheme 33 
41 
OP 
OP 
Diene 
Couplin~ 
The vinyl ester (46) was obtained from the treatment of the corresponding aldehyde (40) 
with a phosphorous ylide generated in situ from carbomethoxymethylphosphonium 
bromide (45) and butyllithium, scheme 34. We were please to find that the reaction 
proceeded in 80% yield to provide the desired E double bond only. 
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C02Me 
__ 1=oE< 0 __ l1=oE' 
+ PhlUl Br a .. 
'" OMe 'lit. OEt OEt 
0 0 0 0 
40 45 46 
a) (45) (3 equiv.), sec-BuLi (3 equiv.), THF, O°C --+ r.t., 80%. 
Scheme 34 
The success of the ozonolysis and Wittig reactions led to an extension of this work, as 
outlined in scheme 35. 
__ 1=0E< a _I_'~E< b 
"I,. 
)0 .. 
OEt C02Et
2 
0 0 0 
16 47 
.. -.... -........... ~ .---... -......... ~ 
o 
48 49 
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o 
50 
a) CH2=CHCH2I, THF, -78°C ~ r.t., 73%; b) i) 03, DCM, -78°C; ii) DMS, -78°C ~ 
r.t.,30%. 
Scheme 35 
Deprotonation of (16) with LHMDS and treatment of the resulting anion with allyl 
iodide provided the desired product (47) in 73% yield. Ozonolysis was carried out in 
dichloromethane with excess dimethyl sulfide being used to decompose the ozonide to 
provide the desired dialdehyde (48) in 30% yield. Owing to the pressures of time, we 
were unable to carry out a double Wittig reaction with the dialdehyde (48). Compound 
(49) would have potential for the introduction of a diene unit by conversion of the right 
hand methyl ester into an enol ether, thus providing a triene such as (50). However, 
such a transformation needs to be carried out selectively in the presence of the 
dienophile. This conversion could possibly be performed with the use of the titanium 
cyclopentadienide complex (51) (Tebbe's reagent) in toluene-THF containing a small 
amount ofpyridine (scheme 36).42 
51 
ep = cycIopentadienide 
Scheme 36 
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2.10 DIENE COUPLING REACTIONS 
The convergent diene coupling reaction requires the Mukaiyama conjugate addition 
products, described in 2.4.2, be able to sustain a carbanion at the tertiary carbon 
between the two ester groups, and a suitably functionalized diene which could introduce 
the two hydroxyl groups present at C-12 and C-13 in phorbol. We envisaged that 
coupling would proceed via anion intennediate (5), followed by It-allyl coupling of a 
prefonned diene containing a suitable leaving group (4) to give the Diels-Alder 
precursor (3) as shown in scheme 37. 
o 
5 4 E = Ester Group 
P = Protecting Group 
X = Leaving Group 
Scheme 37 
2.10.1 Doubly Oxygenated Diene Synthesis 
OP 
o 
3 
The doubly oxygenated diene (56) was prepared in four steps from ethyllevulinate (52) 
as outlined in scheme 38. Bromination followed by dehydrobromination of (52) gave 
(53) in 92% yield. Treatment of the ethyl 4-oxypentenoate (53) with freshly prepared 
TIPSOTf in the presence of triethylamine provided the silyl enol ether (54) in 86% 
yield. DIBAL reduction of the ester group of (54) gave the alcohol (55) in 87% yield. 
The final stage in the sequence involved conversion of the alcohol (55) to the acetate 
(56) in 94% yield with acetic anhydride and triethylamine in the presence of DMAP. 
These oxygenated dienes can be prepared in much greater yields than their volatile 
unsubstituted counterparts, which have a tendency to polymerize. The diene acetate 
(56) is suitable for coupling via a palladium catalysed allylic substitution reaction to 
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provide the desired IMDA precursor. The oxygenated diene (56) was synthesised in 
65% overaIl yield from ethyl levulinate (52). 
o 
~C02Et 
52 
b 
OTIPS 
~OH 
55 
a 
OTIPS 
~C02Et 
54 
d 
o 
~C02Et 
53 
c 
OTIPS 
~OAC 
56 
a) i) Br2, DeM, O°C ~ r.t., 4 hr.; ii) EhN, DCM, reflux, 2 hr., 92%; b) TIPSOTf, EhN, 
Et20, r.t., 16 hr., 86%; c) DIBAL, THF, -78°C, 2hr., 87%; d) AC20, DMAP, Et3N, 
DCM, r.t., 16 hr., 94%. 
Scheme 38 
2.10.2 1t-Allyl Palladium Coupling Reactions 
Carbon-carbon bond formation through the paIladium catalysed displacement of an 
aIlylic leaving group by a nucIeophile has been widely used in organic synthesis.43 The 
mechanism of such a catalytic alkylation requires the initial dissociation of 
tetrakis(triphenylphosphine)paIladium (0), followed by the addition of the key cationic 
palladium 1t-aIlyl complex (57), and subsequent addition of the nucIeophile (scheme 
39). The leaving group X is typically an acetate or carbonate group.44 
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-A I + 
Pd 
Ph P""" 'PPh 3 3 
57 
Scheme 39 
Substitution 
... ~Nu 
Complete stereocontrol can often be achieved with palladium catalysed alkylations, as 
outlined in scheme 40. The palladium species approaches the allylic acetate from the 
side opposite to the leaving group causing displacement with inversion of configuration. 
Nucleophilic attack then occurs on the face opposite palladium. GeneraIly, the 
nucleophile prefers to attack the least hindered terminus of the It-allyl system. The 
result of these inversions is a net retention of stereochemistry. 
er Inversion ... 
Scheme 40 
Inversion 
... 
Conventional alkylating agents such as halides and tosylates are reactive, can prove 
difficult to prepare and are prone to elimination reactions. In contrast, palladium 
catalysed reactions employ substrates that are stable and easily handled, in particular 
allylic acetates. This ability to activate aIlylic acetates towards displacement in the 
presence of more commonly employed leaving groups such as alkyl halides highlights 
the chemoseIective nature of this reaction.45 
This methodology was applied to the attempted preparation of the C-13 oxygenated 
triene as outlined in scheme 41. 
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C02Me 
I 0 
~OEt OTIPS ", + J h- OAc '1/ ~OEt 
o 
a 
o o 
46 56 
a) i) (56),10 mol % Pd(PPh3)4, LHMDS, THF, 65%. 
Scheme 41 
An attempt was made to synthesize the triene by the treatment of the diene acetate (56) 
with 10 mol % of tetrakis(triphenylphoshine)palladium(O) (Pd(PPh3)4) to give the 
It-allyl palladium complex. Co-workers have found that commercially available 
Pd(PPh3)4 gives significantly lower yields and so freshly prepared Pd(PPh3)4 was 
used.46 The left hand unit (46) was deprotonated with LHMDS and the resulting anion 
coupled with the It-allyl palladium complex in an attempt to provide the desired triene 
(19) (also see Section 2.12). However, the analytical data does not support the 
preparation of the triene and unfortunately, lack of time prevented this reaction being 
repeated. 
2.11 INTRODUCTION OF THE C-4 HYDROXYL GROUP 
One of the hardest functional groups to introduce in the synthesis of phorbol is the 
tertiary alcohol at C-4. A potential method of introducing this group is through the 
opening of a suitably positioned epoxide with a nucleophile. If the ring double bond in 
cyclopent-2-enone is epoxidized with hydrogen peroxide, then the epoxide could be 
opened by treatment with vinylmagnesiurn bromide. This would also introduce the 
desired functionality into the cyclopentenone ring. 
To this end, the malonate derivative (16) was treated with alkaline hydrogen peroxide to 
cleanly give the epoxide (57). However, when an attempt was made to open the 
epoxide with vinylmagnesiurn bromide in the presence of a catalytic amount of copper 
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bromide.dimethyl sulfide complex, a complex mixture of products was obtained, 
scheme 42. 
0 
v1=oB OEt a .. 
'" OEt OEt 
0 o 0 
16 57 
b ).-OEt 
;~''')-OEt 
o o 
58 
a) H202, NaOH, MeOH, O°C, 2hr., 74%; b) CH2=CHMgBr, CuBr.DMS, THF, _78°C ~ 
r.t., complex mixture. 
Scheme 42 
There is the possibility that immediate addition of the vinylmagnesium bromide to the 
crude epoxide may lead to a cleaner reaction as there is less chance of epoxide 
degradation. Time constraints prevented this reaction being investigated further. 
2.12 FuTURE WORK 
Using the same palladium catalysed alkylation methodology as described above 
(scheme 41), the triene (19) was successfully synthesized by another member of the 
Page group after the completion of this PhD. 
The next step in the reaction scheme is to perform a Diels-Alder reaction and complete 
the synthesis of the tigliane framework. The presence of the ester in (19) gives rise to 
an electron-poor dienophile which should affect the reactivity of the triene towards the 
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IMDA reaction. The presence of the carboxymethyl group also allows for potential rate 
and stereoselectivity enhancement through the use of a Lewis acid catalyst (scheme 43). 
COzMe~ OTIPS 
// a )0 
° 
COzEt 
COzEt 
19 
a) PhCH3, sealed tube, 160°C, 72 hours. 
Scheme 43 
The C-12 oxygenation that is present in phorbol can also be introduced into the triene 
(19) (scheme 44). 
COzMe~ OTIPS 
// a .. 
° 
COzEt 
COzEt 
° 
19 59 
OTIPS OTIPS 
COzMe 
° 
CO Me 12 OTIPS 
2 ~ 
" 
// b )0 )0 
° 
COzEt 
COzEt 
° 
60 61 
a) NaHC03 (2equiv.), mCPBA, DCM; b) Et3N, TIPSOTf. 
Scheme 44 
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Based on previous work in the group,22 this could be achieved by oxidation of the silyl 
enol ether (19) with mCPBA under Rubottom's conditions to give the a-silyloxyketone 
(60).47 Presumably the silyloxyketone is formed by rearrangement of the intermediate 
silyloxirane (59). Treatment of the a-silyloxyketone with TIPSOTf in the presence of 
triethylamine should give rise to the IMDA precursor (61). This could then be 
subjected to the IMDA reaction using similar conditions as for (19) to give the C-12, 
C-13 oxygenated tigliane (scheme 45). 
OTIPS OTIPS 
CO Me 12 OTIPS 2~ 
J3 
h- a » 
° 
C02Et C02Et 
61 62 
a) PhCH3, sealed tube, 160°C, 72 hours. 
Scheme 45 
An IMDA product with phorbol stereochemistry would be formed by an exo addition 
and would require the OTIPS group of the triene (62) to have a trans configuration. 
As well as the IMDA precursors (19) and (61), another IMDA precursor which may be 
of interest is (63) which could be derived from the aldehyde (40). This could undergo a 
hetero IMDA reaction of (63) to give the oxygen substituted C ring (64). This ether 
bridge can be cleaved to lead into a class of compounds known as the guaianolides (65) 
or pseudoguaianolides - a family of natural products with a 5-membered ring fused to a 
7-membered ring. 
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o 
63 
Scheme 46 
R 
65 
OTIPS 
IMDA 
... 
The products of the IMDA reactions, (20) and (62) are both suitably functionalized for 
the final stage in the synthesis of the phorbol skeleton. Treatment of the IMDA 
products (20) and (62) with dibromocarbene, generated from bromoform and sodium 
hydroxide in benzyltriethylammonium bromide as a phase transfer catalyst, in 
dichloromethane / water should provide the tetracycJes (68) and (69) in good yield 
(scheme 47). 
20 66 
"OTIPS 
, Br 
Br 
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:CB\ 
Scheme 47 
OTIPS 
"OTIPS 
, Br 
Br 
67 
The dibromocyclopropane could then be transformed into the required 
dimethylcycIopropane through the use of reagents like iodomethane, methylmagnesium 
bromide or a higher order cuprate such as Me2Cu(SCN)Lh and iodomethane (Scheme 
48).50 
OTIPS OTIPS 
."OTIPS 
Br a )0 
C02Et 
H 
C02Et 
C02Et C02Et 
67 68 
Scheme 48 
An alternative would be to use a sulfur ylide in order to effect the cyclopropanation. 
Sulfur ylides will react with carbonyl groups or electron deficient alkenes to give 
epoxides and cyclopropanes respectively. Various methods have been used to direct the 
stereochemistry of the cyclopropanation reaction, including using a chiral 
aminosulfoxonium and sulfonium ylides, by using the stereochemistry already present 
in the substrate to direct the stereochemistry of the reaction,51 or through the use of a 
chiral organometallic catalyst and a sulfonium ylide.52 An example of the use of sui fur 
ylides is in the final stages of Wender's total synthesis of phorbol where Ph2SC(CH3h 
was used to introduce the dimethylcyclopropane D ring present in phorbol (scheme 49). 
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The ylide attacked from the more accessible J3-face to give exclusively the cis gem-
dimethylcyclopropyl tetracycle in good yield. 
OTIPS OTIPS 
a )0 
62 68 
Scheme 49 
2.13 CONCLUSION 
Two different synthetic routes to an intermediate (18) in the synthesis of the tigliane 
skeleton have been developed. Unfortunately, time restrictions prevented attempting 
the key IMDA reaction to give the tricycle. 
Additionally a method of introducing the difficult tertiary alcohol at C-4 (57) has been 
proposed, however, time constraints prevented fully exploring its usefulness. 
The convergent synthetic strategy described here, which uses a intramolecular Diels-
Alder reaction as the key step, demonstrates excellent potential for application towards 
the total synthesis of phorbol and related compounds. The rapid construction of the 
tigliane ring system, as well as highly functionalized subunits and Diels-Alder adducts, 
offers a flexible and versatile platform for further studies. 
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3.1 EXPERIMENTAL 
3.1.1 General Experimental Procedures 
3.1.1.1 Purification of Reagents 
Triethylamine was distilled from calcium hydride under nitrogen and stored over 
potassium hydroxide pellets. 
Trimethylsilyl chloride was distilled from calcium hydride under nitrogen and stored 
over calcium hydride. 
3.1.1.2 Purification of Solvents 
Ethanol and methanol, when required anhydrous, were distilled from the 
corresponding magnesium alkoxide (formed by treatment of 5g of magnesium with 
30ml of the alcohol in the presence of iodine) prior to use. 
Petroleum ether (h.p. 40-60°C) and ethyl acetate were distilled prior to use. 
Tetrahydrofuran and diethyl ether were freshly distilled under nitrogen from the 
sodiumlbenzophenone ketyl radical immediately prior to use. 
Dichloromethane was allowed to stand over calcium hydride overnight prior to 
distillation under nitrogen. 
Other solvents and reagents were purified by standard procedures when necessary.48 
3.1.2 Preparation of Glassware 
All organometallic reactions were carried out in round bottomed flasks which were 
baked at 150°C overnight. The flasks were allowed to cool in a desiccator over self-
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indicating silica gel, and were purged with nitrogen prior to being stoppered with 
septum caps. All organometallic and air sensitive reactions were carried out under a 
slight positive flow of nitrogen, and reagents were introduced via syringe or using 
cannula techniques through a septurn cap. Syringes, needles, cannulas and magnetic 
stirrer bars were also oven baked and allowed to cool in a desiccator. 
3.1.3 Purification of Products 
Thin layer chromatography was carried out on glass or aluminium backed plates 
coated with a 0.25 mm layer of silica gel 60H containing fluorescer, using mixtures of 
ethyl acetate and petroleum ether as eluent. UV inactive compounds were visualized by 
spraying with an alkaline solution of potassium permanganate (1 % w/v in water) 
followed by heating. 
Flash column chromatography49 was carried out using Merck 9385 Kieselgel 60 (230-
400 mesh) eluting with mixtures of ethyl acetate and petroleum ether unless otherwise 
stated, using hand bellows to apply pressure to the column. 
A Biichi GKR-50 Kngelrohr oven was used as the heat source for bulb to bulb 
distillations; the boiling points quoted refer to the oven temperature. 
3.1.4 Spectroscopy 
Infrared Spectra were recorded in the range 4000 to 600 cm·l using a Perkin Elmer 
Paragon 1000 FTIR spectrophotometer, and were calibrated against the 1602cm,l 
absorption of polystyrene. Solid samples were run as solutions in chloroform or as 
Nujol mulls and liquids as thin films, on sodium chloride plates. 
1H Nuclear Magnetic Resonance Spectra were recorded using a Bruker AC250 or a 
Bruker DPX400 instrument. All spectra were recorded using deuteriochloroform 
(CD Ch) solutions, with tetramethylsilane (TMS) as the internal reference. 
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13C Nuclear Magnetic Resonance Spectra were recorded using a Bruker AC250 or a 
Bruker DPX400 instrument. All spectra were recorded using deuteriochloroform 
(CDCh) solutions, with tetramethylsilane (TMS) as the internal reference. 
For assignments of the NMR spectra of new compounds the IUP AC numbering of the 
molecules has been used with the exception of the larger molecules where the 
numbering scheme of the natural product has been adopted. 
Mass Spectra (Electron Impact (El) and Chemical Ionization (Cl» were obtained on a 
JMS-SX102 mass spectrometer and from the EPSRC national mass spectrometry 
service at the University of Wales, Swansea. 
Melting points (m.p.) were determined on an Electrothermal IA9l00 hot stage 
apparatus and are uncorrected. 
3.2 INDIVIDUAL EXPERIMENTAL PROCEDURES 
3.2.1 Preparation of Reagents 
3.2.1.1 Copper (I) Bromide Dimethyl Sulfide complex (CuBr.DMS):13 
Copper (I) bromide (lOg) was purified by dissolution in hydrobromic acid (20 ml) and 
the resulting purple solution stirred for five minutes before being treated with sodium 
sulfite (4g). The mixture was allowed to stand for ten minutes and the poured into 
water (100 ml). The colourless precipitate of pure copper (I) bromide was allowed to 
settle, collecting by filtration and dried in a desiccator over phosphorous pentoxide. 
The purified copper (I) bromide was placed in a flask, fitted with a reflux condenser and 
dimethyl sulfide was added carefully until all the solid had dissolved. The solution was 
gradually poured into petroleum ether (200 ml) and the resulting precipitate of copper 
(I) bromide.dimethyl sulfide complex collected by filtration to afford a white 
amorphous powder. (12.03g,84%). 
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3.2.1.2 TriisopropyJsilyJ trifluoromethauesulfouate (TIPSOTI):22 
Triisopropylsilylchloride (TIPSCI, 10.0g, 11.1 ml, 51.95 mmol) was placed in a flame 
dried 50 ml two-necked flask equipped with a reflux condenser and a calcium chloride 
guard tube. To this was added trifluoromethanesulfonic acid (triflic acid) (7.79g, 4.6 
ml, 51.95 mmol) dropwise at O°C over thirty minutes. The resulting mixture was 
allowed to warm to room temperature, stirred for thirty minutes and then heated to 80°C 
for four hours by which time the evolution of hydrogen chloride gas had ceased. The 
contents of the flask were allowed to cool and the TIPSOTf was distilled directly from 
the flask to give a colourless mobile oil. (15.5g, 98%), b.p. 76°C (0.25 mmHg). 
3.2.1.3 Tetrakis(Triphenylphosphine)PalIadium (0):46 
A mixture of palladium dichloride (1.77g, O.oJ mol), triphenylphosphine (13.lg, 0.05 
mol) and 120 ml of dimethyl sulfide was placed under nitrogen in a three necked flask. 
The stirred yellow mixture was then heated until complete solution occurred (ca. 
140°C). The heat was removed and the mixture stirred rapidly for approximately 15 
minutes before hydrazine hydrate (2.0g, 0.04 mol) was rapidly added over ca. 10 
seconds from a hypodermic syringe. A vigorous reaction occurred with the evolution of 
nitrogen. The dark solution was then immediately cooled in a water bath with 
crystallization occurring at ca. 125°C. At this point the mixture was allowed to cool 
without further assistance. When the mixture had reached room temperature it was 
filtered through a sintered glass funnel under nitrogen with the solid being washed with 
ethanol (2 x IOmI) and ether (2 x 10 ml). (IOAg, 86%), m.p. 114-116°C (decomp.) 
(lit. 46 116°C decomp.) 
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3.3 ORGANOMETALLIC CONJUGATE ADDITION-ENOLATE TRAPPING REACTION 
3.3.1 (±)-(Trimethylsilyloxy)-3-vinylcyclopent-l-ene (11 ):22 
l I' 6 9 MgBr, CuBr.DMS ... , TMSCl,DMPU 
0 OTMS 
10 11 
To a stirring suspension ofCuBr.DMS (5 mol%, 600 mg) in freshly dried THF (lOO ml) 
at -78°C was added dropwise over thirty minutes a I.OM solution of vinylmagnesium 
bromide in THF (58.60 ml, 58.60 mmol, [1.2 equiv.]). To this was added dropwise over 
one hour, a mixture of cyclopent-2-en-I-one (4.0g, 4.1 ml, 48.88 mmol) (10) and 
TMSCI (10.60g, 12.40 ml, 97.60 mmol, [2.0 equiv.]) in DMPU (12.5Ig, 11.80 ml, 
97.60 mmol, [2.0 equiv.]). The reaction mixture was stirred at -78°C for thirty minutes, 
allowed to reach -46°C, and stirred for a further hour. Triethylamine (9.87g, 13.60 ml, 
97.60 mmol, [2.0 equiv.]) was added and the reaction allowed to reach O°C. The 
reaction mixture was then poured onto petroleum ether (200 ml), filtered through celite 
and then washed with water (lOO ml), dried over magnesium sulfate and concentrated in 
vacuo to give an orange oil (9.48g). Purification by distillation provided 
(±)-(trimethylsilyloxy)-3-vinylcyclopent-I-ene (11) as a colourless oil. (4.63g, 52%); 
b.p. 40°C (25 mmHg); Urn •• (film) I cm-l 3075 (C=C-H), 2960 (C-H), 1640 (C=C), 
1255 (Si-CH3), 1230 (=C-O), 1185 (Si-O); oH(250 MHz, CDCh) 5.55 (lH, m, 6-H), 
4.74 (lH, d, J7, 6 16.2 Hz, trans 7-H), 4.65 (lH, d, J7, 67.8 Hz, cis 7-H), 4.33 (lH, d, J2, 3 
2.0 Hz, 2-H), 3.04 (IH, m, 3-H), 2.05 (2H, m, 5-H2), 1.95-1.87 (lH, m, 4-H), 1.39 (lH, 
m, 4-H), 0.12 (9H, s, (CH3hSi); oc(63 MHz, CDCh) 143.8 (I-C), 112.0 (7-C), 105.2 
(2-C), IOU (6-C), 46.0 (3-C), 33.2 (5-C), 28.8 (4-C), 4.0 «CH3)3Si); mlz (El) 
182.33601 (M+); CIOHlSOSi requires 182.33581. 
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3.4 MICHAEL ACCEPTOR SYNTHESIS 
3.4.1 Diethyl methylenemalonate (14):53 
~OB {r--' CuOAc 3 0 + --tCH20~ ~ J 3 KOAc 6 0 OEt 
0 o ~8 
12 13 14 
A mixture of paraformaldehyde (15.0g, 0.5 mol, [2 equiv.]) (13), diethyl malonate 
(40.00g, 38.0 ml, 0.25 mol), copper acetate (2.5g) and potassium acetate (2.5g) in 
glacial acetic acid (100 ml) was heated at 100°C for one hour. The reaction mixture was 
allowed to cool and concentrated in vacuo. Residual acetic acid was removed by 
distillation at reduced pressure (10 mmHg) to give a deep blue residue. Further 
distillation at reduced pressure provided diethyl methylenemalonate (14) as a colourless 
oil. (20.71g, 48%); b.p. 55°C (10 mmHg) (lit.53 58-59°C at 16 mmHg); Urn •• (film) / 
cm'! 3117 (C=C-H), 2985 (C-H), 1735 (C=O), 1626 (C=C), 1233 (C-O); oH(400 
MHz, CDCb) 6.50 (2H, s, l-H2), 4.25 (4H, q, J4,5 andh, g 7.2 Hz, 4-H2 and 7-H2), 1.35 
(6H, t, J5, 4 and Jg, 77.2 Hz, 5-H3 and 8-H3); oc(100 MHz, CDCb) 206 (2-C), 172 (3-C 
and 6-C), 60 (I-C), 28 (4-C and 7-C), 14 (5-C and 8-C); mlz (El) 190.21784 
([M+NH4l'); CgH!6N04 requires 190.21781. 
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3.5 MUKAIY AMA CONJUGATE ADDITION 
3.5.1 (±)-trans-2-(I-(2,2-Bis-(carboxyethyl)ethyl)-3-vinylcylopentanone (16):22 
7 
1;" I 0 ;-" , .~ Snel. JO 0 + ,2, 9 .. "'~ OEt ' 13 0 
OTMS 0 0 o ~" 14 
11 14 16 
To a stirring solution of l-(trimethylsilyloxy)-3-vinyIcyclopent-l-ene (3.83g, 21.0 
mmol) (11) and diethyl methylenemalonate (3.61g, 21.0 mmol) (14) in dry 
dichloromethane (ISO ml) at -78°C was added dropwise over thirty minutes a solution 
of tin (IV) chloride (S.4Sg, 2.60 ml, 21.0 rnmol) in dry dichloromethane (40 ml). The 
reaction mixture was stirred at -78°C for a further two hours and then poured into water 
(200 ml). The mixture was filtered through a celite pad and washed through with 
dichloromethane (SO ml). The organic layer was separated and the aqueous layer 
extracted with dichloromethane (3 x 200 ml). The combined organic extracts were 
washed with water (100 ml), dried over magnesium sulfate and concentrated in vacuo to 
give a crude yellow oil. Purification by flash column chromatography using 10% ethyl 
acetate ID petroleum ether as eluent yielded (±)-trans-2-(I-(2,2-bis-
(carboxyethyl)ethyl)-3-vinyIcylopentanone (16) as a pale yellow oil. (2.2g, 37%); Urnax 
(film) I cm-1 3078 (C=C-H), 2978 (C-H), 173S (C=O), 1641 (C=C), 1231 (C-O); 
oH(400 MHz, CDCb) S.76 (lH, m, 6-H), S.19 (lH, d, J7• 6 16.0 Hz, trans 7-H), S.Il 
(lH, d, J7, 68.0 Hz, cis 7-H), 4.18 (4H, m, II-H2 and 14-H2)' 3.93 (IH, t, J9• 87.3 Hz, 
9-H), 2.46-2.27 (2H, m, 2-H and 3-H), 2.20-2.0S(6H, m, 4-H2, S-H2 and 8-H2), 1.26 
(6-H, t,J12.11 andJ15• 14 = 7.7 Hz, 12-H3 and IS-H3); oc(lOO MHz, CDCb) 218.7 (1-C), 
169.4 (lO-C and 13-C), 139.8 (4-C), 117_6 (7-C), 61.4 (l1-C and 14-C), S1.3 (9-C), 
49.3 (3-C), 47.8 (2-C), 37.3 (8-C), 27.7 (S-C), 27.3 (4-C), 14.1 (12-C and 13-C); mlz 
(El) 282.33378 (M+); ClsH220S requires 282.33368. 
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3.5.2 (±)-trans-2-(I-(2, 2-Bis-(carboxyethyl)ethyl»-3-vinylcyclopentanone 
ethylene ketal: 
1\ 
HO OH 
~ 
PTSA 
o 
16 
A mixture of the ketone (2.1g, 7.45 mmol) (16), ethylene glycol (6.93g, 6.22 ml, 0.11 
mol), [15 equiv.]) aod PTSA (5 mol%, 0.07g) in toluene (50 ml) was brought rapidly to 
reflux aod heated for four hours with a Deao-Stark trap to remove water. The reaction 
mixture was allowed to cool aod washed with water (lOO ml). The orgaoic layer was 
dried over magnesium suI fate aod concentrated in vacuo to give a crude yellow oil. 
Purification by flash column chromatography using 25% ethyl acetate in petroleum 
ether yielded the title compound as a pale yellow oil. (1.7g, 70%); Urn •• (film) I cm'l 
3075 (C=C-H), 2980 (C-H), 1730 (C=O), 1640 (C=C), 1236 (C-O); oH(250 MHz, 
CDCb) 5.70 (lH, m, 6-H), 5.1 (lH, d, h 6 15.9 Hz, trans 7-H), 4.98 (lH, d, h. 69.5 Hz, 
cis 7-H), 4.20 (4H, q, JII.12 aod J 14.15 7.2, 1I-H2 aod 14-H2), 4.1-3.85 (4H, m, 2'-H2 aod 
3'-H2), 3.65 (lH, t, JS.9 7.4 Hz, 9-H), 2.30-2.10 (lH, m, 3-H), 2.0-1.97 (2H, m, 4-H aod 
5-H), 1.90-1.70 (4H, m, 4-H, 5-H aod 9-H), 1.50-1.33 (IH, m, 2-H), 1.25 (6H, t, J12. 11 
aod J15. 14 7.1 Hz, 12-H3 aod 15-H3); mlz (El) 326.38663 (Mr); C17H2606 requires 
326.38646. 
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3.6 ADDITION OF CYANIDE 
3.6.1 (±)-I-(Trimethylsilyloxy)-cyclohex-l-ene-3-carbonitrile (22):24 
Q ElzAICN '9:9' 'l> 6 .--:;:. , TMSCl,Et3N 1 
0 OTMS 
21 22 
To a solution ofcyclohex-2-en-l-one (0.9g, 0.97 ml, 10.0 mmol) (21) in THF (25 ml) at 
O°C and under an atmosphere of nitrogen, was added a solution of diethylaluminium 
cyanide (1.0M solution in toluene, 12 ml, 12.0 mmol, [1.2 equiv.]). The mixture was 
left to stir for 1.5 hours at O°C before TMSCI (3.27g, 2.93 ml, 30.0 mmol, [3 equiv.]) 
and triethylamine (3.03g, 4.16 ml, 30.0 mmol, [3 equiv.]) were added. The reaction 
mixture was allowed to warm to room temperature and left to stir for one hour. The 
reaction mixture was diluted with hexane (50 ml) before being added to a saturated 
solution of anunonium chloride (150 ml). The two layers were separated and the 
organic layer rapidly washed with ice cold hydrochloric acid (5%, 3 x 30 ml) and 
saturated sodium hydrogen carbonate (2 x 50 ml). The organic layer was dried over 
magnesium sulfate and concentrated in vacuo to give (±)-I-(trimethylsilyloxy)-
cyclohex-l-ene-3-carbonitrile (22) as a clear oil. (1.16g,60%); Urn,x (film) I cm·l 2239 
(CN), 1664 (C=C); oH(250 MHz, CDCb) 4.75 (lH, d, J2• 3 7.0 Hz, 2-H), 3.12 (lH, m, 3-
H), 2.34-1.85 (6H, m, 4-H2, 5-H2 and 6-H2), 0.14 (9H, s, (CH3)3Si); mlz (El) 181.32800 
(M+); CIOH17NOSi requires 181.32786. 
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3.6.2 (±)-I-(Trimethylsilyloxy)-cyclopent-I-en e-3-carbonitrile (23): 
METHOD I: 
9 E~AICN ;.. 
o 
10 23 
To a solution ofcycIopent-2-en-l-one (0.82g, 0.84 ml, 10.0 mmol) (10) in THF (25 ml) 
at O°C and under an atmosphere of nitrogen, was added a solution of diethylaluminium 
cyanide (1.0M solution in toluene, 12 ml, 12.0 mmol, [1.2 equiv.]). The mixture was 
left to stir for 1.5 hours at O°C before TMSCl (3.27g, 2.93 ml, 30.0 mmol, [3 equiv.]) 
and triethylamine (3.03g, 4.16 ml, 30.0 mmol, [3 equiv.]) were added. The reaction 
mixture was allowed to warm to room temperature and left to stir for one hour. The 
reaction mixture was diluted with hexane (50 ml) before being added to a saturated 
solution of ammonium chloride (150 ml). The two layers were separated and the 
organic layer rapidly washed with ice cold hydrochloric acid (5%, 3 x 30 ml) and 
saturated sodium hydrogen carbonate (2 x 50 ml). The organic layer was dried over 
magnesium sulfate and concentrated in vacuo to give a complex mixture of inseparable 
products. The NMR spectrum of the mixture shows the required peaks along with a 
number of other products. The peaks shown below are those belonging to the product. 25 
(1.16g, mixture); \)max (film) I cm'! 2200 (eN), 1640 (C=C); /)H(250 MHz, CDCb) 
4.47 (IH, m, 2H), 3.60-3.35 (lH, m, 3H), 2.65-2.17 (4H, m, 4-H2 and 5-H2), 0.25 (9H, 
s, (CH3hSi); mlz (El) 167.30130 (Ml; C9H!5NOSi requires 167.30119. 
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METHOD 2:25 
9 TMSCN if 
o OTMS 
10 23 
To a stirred solution oftriethylaluminium (1.37g, 11 mmol, [1.1 equiv.]) in hexane (20 
ml) at room temperature under nitrogen was added cyanotrimethyl silane (2.18g, 22 
mmol, [1.2 equiv.]). A solution of cyclopent-2-en-I-one (0.82g, 0.84 ml, 10.0 mmol) 
(10) in hexane (40 ml) was then added over 10 minutes and the mixture heated to 60°C. 
After 30 minutes the mixture was cooled to O°C and hydrolysed by the dropwise 
addition of water (1.5 ml). When the release of gas had ceased the cooling bath was 
removed and stirring continued for 15 minutes. The mixture was vacuum filtered 
through a sodium sulfate pad, washed through with hexane and dried over sodium 
sulfate. Concentration in vacuo gave the crude mixture. 
METHOD 3:26 
9 TMSCN 
o 
10 23 
Freshly distilled BF3.0Et2 (1 mmol, [0.1 equiv.]) was added dropwise to a stirred 
solution of cyclopent-2-en-l-one (0.82g, 0.84 ml, 10.0 mmol) (10) and cyanotrimethyl 
si lane (30 mmol, [3 equiv.]) in dichloromethane (25 ml) at -25°C. After stirring for a 
short time the mixture would polymerize. 
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3.7 ALTERNATIVE ApPROACH: 
3.7.1 2-[(PhenyIthio)methyIJ-cyclopent-2-en-l-one (31):27 
9 
o 
+ 
CHzO 
)0 ,?ys~, 
'0 I2VIO 
11 
10 31 
A solution of cyclopent-2-en-I-one (12.3g, 12.55 ml, 0.15 mol) (10), triethylamine 
(15.15g, 20.87 ml, 0.15 mol), 37% aqueous formaldehyde (l2.16g, 0.15 mol) and 
thiophenol (16.5g, 15.35 ml, 0.15 mol) in ethanol (200 ml) was refluxed for 55 hours. 
A solution of 37% aqueous formaldehyde (1.22 ml, 15.0 mmol) was added and the 
mixture refluxed for 24 hours. An additional solution of 37% aqueous formaldehyde 
(1.22 ml, 15.0 mrnol) was added and the mixture refluxed for a further 24 hours. The 
reaction mixture was left to cool and the ethanol removed in vacuo to give an orange oil 
which was partitioned between water (150 ml) and dichloromethane (200 ml). The 
aqueous layer was extracted with dichloromethane (3 x 50 ml) and the combined 
organic extracts quickly washed with 5% sodium hydroxide (3 x 30 ml), water (30 ml) 
and brine (30 ml) before being dried over magnesium sulfate and concentrated in vacuo 
to give an orange-brown oil. The oil was distilled under vacuum to give 
2-[(phenyIthio)methyl]-cyclopent-2-en-l-one (31). (26.4g, 86%); b.p. 150°C « 0.5 
mrnHg); Umax (film) I cm-I 1702 (C=O), 1632 (C=C), 741 (C-S); IiH(400 MHz, CDCb) 
7.38 (lH, m, 3-H), 7.31-7.25 (5H, m, 8-H to 12-H), 3.67 (2H, s, 6-H2), 2.54 (2H, m, 
5-H2), 2.43 (2H, m, 4-H2); Iic(lOO MHz, CDCh) 208.1 (1-C), 164.0 (3-C), 142.0 (2-C), 
135.7 (7-C), 129.1, 128.8 and 126.3 (8-C to 12-C), 34.6 (5-C), 30.9 (6-C), 27.6 (4-C); 
mlz (El) 204.29067 (M'); CI2H120S requires 204.29075. 
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3.7.2 2-[(Phenylsulfonyl)methyl]-cyclopent-2-en-l-one (32):27 
~s~ 
o V 
31 
Oxone ... 
4 3 0 ~2 11 8 , 1 ~n~9 6 0 I 
o 12"';:; IQ 
11 
32 
To a solution of2-[(phenylthio)methyl]-cyclopent-2-en-l-one (7.85g, 38.48 mmol) (31) 
in ethanol (200 ml) was added dropwise a solution of Oxone (56.80g, 92.35 mmol, [2.4 
equiv.]) in water (300 ml) and the resulting solution stirred for 15 hours. The solid 
precipitate was filtered off and dissolved in dichloromethane (100 ml), stirred for ca. 30 
minutes before being filtered. The filtrate was dried over magnesium suI fate and 
concentrated in vacuo to give 2-[(phenylsulfonyl)methyIJ-cyclopent-2-en-l-one (32) as 
a white waxy solid. (8.8g, 97%); Urn .. (film) I cm-l 1698 (C=O), 1631 (C=C), 1086 
(S02), 750 (C-S); oH(400 MHz, CD Ch) 7.86 (lH, m, 3-H), 7.83-7.63 (5H, m, 8-H to 
12-H), 4.0 (2H, s, 6-H2), 2.63 (2H, m, 5-H2), 2.34 (2H, m, 4-H2); oc(100 MHz, CDCh) 
206.3 (1-C), 165.0 (3-C), 138.5 (2-C), 134.6 (7-C), 129.5, 128.3 and 127.9 (8-C to 
12-C), 51.1 (5-C), 33.4 (6-C), 27.3 (4-C); mlz (El) 236.28957 (M1; C12H120 3S requires 
236.28961. 
3.7.3 2-[(Phenylsulfonyl)methyl]-cyclopent-2-en-l-one (32) Alternative 
Preparation: 
~s~ 
o V 
31 
Oxone ... 
4 3 0 ~2 11 8 , 1 ~n~9 6 0 I 
o 12"';:; IQ 
11 
32 
To a solution of 2-[(phenylthio)methyIJ-cyclopent-2-en-l-one (approx. 90% purity, 
4.53g. 20.0 mmol) (31) in ethanol (150 ml) was added dropwise a solution of Oxone 
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(27.05g, 44.0 mmol, [2.4 equiv.]) in water (200 ml) and the resulting solution stirred for 
15 hours. The solid precipitate was filtered off and the filtrate concentrated in vacuo to 
give a pale yellow solid. The two solid residues were combined and dissolved in 
dichloromethane (100 ml). The organic layer was then quickly washed with a cold 
saturated solution of sodium hydrogen carbonate (2 x 50 ml), dried over magnesium 
sulfate and concentrated in vacuo to give 2-[(phenylsulfonyl)methyl]-cyclopent-2-en-l-
one (32) as a waxy ivory solid. (3.39g, 72%); having spectral and physical properties 
identical to those listed above (section 3.72). 
3.7.4 (±)-trans-2-(1-(2,2-Bis-( carboxyethyI)ethyI) )-cycIopen-2-en-l-on e (33): 
9(10 
~E' 4 3 0 0 ~~ NaB 0"-./13 gD + ... • 11 12 
o h OEt 0 0 
0 
32 12 33 
To freshly cleaned sodium hydride (0.27g, 11.25 mmol, [1.05 equiv.]) in DMF (20 ml), 
at room temperature and under an atmosphere of nitrogen, was added diethyl malonate 
(1.86g, 1.77 ml, 11.65 mmol, [1.1 equiv]) (12) and the resulting solution stirred until it 
became clear. To this was added 2-[(phenylsulfonyl)methyl]-cyclopent-2-en-I-one 
(2.5g, 10.7 mmol) (32) in DMF (25 ml) and the reaction mixture stirred for a further 
two hours. A few drops of water were added to the reaction mixture which was then 
concentrated in vacuo. The residue was partitioned between water (50 ml) and 
dichloromethane (50 ml), the layers separated and the aqueous layer extracted with 
dichloromethane (3 x 50 ml). The combined organic extracts were washed with water 
(50 ml) and brine (50 ml), dried over magnesium sulfate and then concentrated in vacuo 
to give a clear oil. Purification by flash column chromatography using 25% ethyl 
acetate In petroleum ether as eluent yielded (±)-trans-2-(I-(2,2-bis-
(carboxyethyl)ethyl»-cyclopen-2-en-I-one (33) as a colourless oil. (2.4g, 90%); Urn .. 
(film) / cm· l 1735 (ester C=O), 1702 (ketone C=O), 1635 (C=C); OH( 400 MHz, CDCb) 
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7.40 (lH, m, 3-H), 4.18 (4H, q, J9, 10 andJl2, I) 7.2 Hz, 9-H2 and 12-H2), 3.68 (lH, t,J7, 6 
7.7 Hz, 7-H), 2.79 (2H, d, J6, 7 7.6 Hz, 6-H2), 2.57 (2H, m, 5-H2), 2.39 (2H, m, 4-H2)' 
1.25 (6H, m, 10-H) and 13-H3); /)c(100 MHz, CDCh) 209.2 (1-C), 169.5 (8-C and 
ll-C), 159.7 (3-C), 142.0 (2-C), 61.5 (9-C and 12-C), 49.1 (7-C), 34.6 (6-C), 30.4 
(5-C), 24.7 (4-C), 14.0 (IO-C and I3-C); mlz (El) 254.28021 (M'); C\3HIsOs requires 
254.28034. 
3.8 2-HYDROXYMETHYLCYCLOPENT-2-EN-I-ONE (34): 
3.8.1 Baylis-HilIman Reaction with DABCO:)O 
10 34 
To formaldehyde (0.65g of a 37% aqueous solution, 10.0 mmol) in water (10 ml) or 
water (5 ml) and THF (5 ml), was added cyciopent-2-en-l-one (0.41g, 0.42 ml, 5.0 
mmol) and DAB CO (56.0 mg, 0.5 mmol or 0.56g, 5.0 mmol) and the mixture left to 
stir. No reaction occurred. 
3.8.2 Baylis-Hillman Reaction with DMAP:31 
2) 
N 
10 34 
To formaldehyde (0.65g of a 37% aqueous solution, 10.0 mmol) in water (10 ml) or 
water (5 ml) and THF (5 ml), was added cyciopent-2-en-l-one (0.4Ig, 0.42 ml, 5.0 
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mmol) and DMAP (64.0 mg, 0.06 ml, 0.5 mmol or 0.64g, 0.6 ml, 5.0 mmol) and the 
mixture left to stir. No reaction occurred. 
3.8.3 Baylis-HilIman Reaction with Phosphoric Acid:32 
9 i) (CHP)n' H2P04 :00 ii) 10, DABCO 
° 
10 34 
A mixture of paraformaldehyde (O.l7g, 5.5 mmol), IN phosphoric acid (0.2 ml) and 
water (5 ml) were heated to 90°C for 1.5 hours. After the solution had cooled to room 
temperature, THF (5 ml), cyc1opent-2-en-l-one (0.41g, 0.42 ml, 5.0 mmol) (10) and 
DABCO (56.0 mg, 0.5 mmol or 0.56g, 5.0 mmol) and the mixture left to stir. Even 
after prolonged reaction times only starting material was recovered. 
3.8.4 2-Hydroxymethylcyclopent-2-en-l-one (34): 29, 33 
9 i) (CHP)n' Bu)P :00 
° 
10 34 
To a stirred solution of paraformaldehyde (0.23g, 7.5 mmol) in THF (5 ml) at room 
temperature, was added cyc1opent-2-en-l-one (0.41g, 0.42 ml, 5.0 mmol) (10) and 
tributylphosphine (O.lOlg, 0.5 mmol) and the mixture left to stir for four hours. The 
solution was cooled in an ice bath before a 35% solution of hydrogen peroxide (5.34g, 
0.55 mmol) was added and the mixture left to stir for 15 minutes. The solution was 
concentrated ID vacuo and distilled under high vacuum to gIVe 
2-hydroxymethylcyclopent-2-en-l-one (34). The residual oil after Kugelrohr 
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distillation still contains some of the product which was extracted into dichloromethane 
(10 ml) and the organic layer washed with water (10 ml), dried over magnesium sulfate 
and concentrated in vacuo to give the crude oil. The crude oil was then distilled to give 
additional 2-hydroxymethylcyclopent-2-en-l-one (34). (0.28g, 50%); b.p. 80°C (0.5 
mmHg); U max (film) I cm-! 3400-3450 (OH), 1680 (C=O), 1630 (C=C); I5H(250 MHz, 
CDCh) 7.6 (lH, m, 3-H), 4.33 (2H, d, J6,O!! 2.3 Hz, 6-H2), 3.00 (lH, br s, OH), 2.8-2.26 
(4H, m, 4-H2 and 5-H2); mlz (El) 112.12708 (Ml; C6Hs02 requires 112.12712. 
3.8.5 (±)-2-(I-(2,2-Bis-( carboxyethyl)ethyl»-cyclopent-2-en-I-one (33): 
~OH 
o 
34 
~OTS 
o 
39 
4 
O~OEt 
+ Na+-
OEt 
o 
O~'3 
11 12 
o 0 
33 
A solution of 2-hydroxymethylcyclopent-2-en-l-one (0.224g, 2.0 mmol) (34), 
tosylchloride (0.41g, 2.0 mmol), DMAP (24.4 mg, 0.2 mmol) in dichloromethane (5 ml) 
was cooled to O°C before triethylamine (0.61g, 0.83 ml, 6.0 mmol) was added and the 
mixture stirred at O°C for three hours. In a separate flask was prepared a mixture of 
freshly washed sodium hydride (0.16g of a 60% suspension, 4.0 mmol) and diethyl 
malonate (0.64g, 0.61 ml, 4.0 mmol) in THF (5 ml). To the first flask was added 
lithium chloride (0.34g, 8 mmol) followed by the contents of the second flask via a 
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cannula. The mixture was left to stir for two hours gradually warming to room 
temperature before being diluted with dichloromethane (20 ml) and washed with dilute 
hydrochloric acid (2 x 15 ml). The organic layer was dried over magnesium sulfate and 
concentrated in vacuo to give a crude oil. The oil was purified by Kugelrohr distillation 
to give the pure (±)-2-(1-(2,2-bis-( carboxyethyl)ethyl»-cycIopen-2-en-l-one (33). 
(0.32g,63%); b.p. 125°C (0.5 mmHg); having spectral and physical properties identical 
to those listed above (section 3.7.4). 
3.8.6 (± )-trans-2-(I-(2,2-Bis-( carboxyethyl)ethyJ) )-3-vinylcycIopen tan-I-one (16): 
OEt 
OEt 
o o 
33 
l MgBr, CuBr.DMS 
)0 , 
7 
I 0 1;""'-" 
3 ~/ 10 0 2 9 
·,#,'s 13 0 
o O~" 14 
16 
To a stirring solution of copper bromide dimethyl sulfide complex (5 mol%, 38.86 mg) 
in freshly dried THF (25 ml) at -78°C under an atmosphere of nitrogen, was added a 
1.0M solution of vinyl magnesium bromide in THF (18.9 ml, 18.9 mmol, [5 equiv.]) and 
the resulting solution left to stir for thirty minutes. To this was added {±)-2-(l-{2,2-bis-
(carboxyethyl)ethyl»-cyclopen-2-en-l-one (0.96g, 3.78 mmol) and the mixture left to 
stir at -78·C for one hour before being allowed to warm to -45°C where it stirred for 
sixteen hours. The mixture was then allowed to warm to O·C and added to a saturated 
solution of ammonium chloride (lOO ml). The mixture was extracted with 
dichloromethane (3 x 80 ml) and the combined aqueous extracts washed with water (60 
ml) and brine (30 ml), dried over magnesium sulfate and concentrated in vacuo to give 
the crude product. The crude product was purified by flash column chromatography 
using 15% ethyl acetate in petroleum ether as eluent to give (±)-trans-2-{1-(2,2-bis-
(carboxyethyl)ethyl»-3-vinyIcycIopentan-l-one (16) as a pale yellow oil. (0.76g, 
71 %); having spectral and physical properties identical to those listed above (section 
3.5.1 ). 
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3.9 OZONOLYSIS REACTIONS 
3.9.1 (±)-trans-2-(I-(2,2-Bis-( carboxyethy\)ethy\) )-3-carboxycyclo pen tan-I-one 
(40): 
METHOD 1:22 
o 
"'" r°Et ~OEt 
o 0 
16 
ii)DMS, DCM 5 
o 
3 I 6~O 'J--II 
,0 
2 8 
°""'7 12 0 
o 0 ~14 
13 
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A solution of (±)-trans-2-(I-(2,2-bis-( carboxyethyl)ethyl»-3-vinylcycIopentan-l-one 
(O.5g, 1.77 mmol) (16) in dichloromethane (25 ml) at -78°C was treated with ozone (50 
lh'!, 200 V) for 45 minutes until the blue colour of excess ozone persisted, Nitrogen 
was then bubbled through the mixture for ten minutes followed by the dropwise 
addition of dimethyl sulfide (1.10g, 1.3 ml, 17.7 mmol, [10 equiv,J) at -78°C, The 
reaction mixture was allowed to warm to room temperature and left to stir for 16 hours. 
The solvent and excess dimethyl sulfide were removed in vacuo and the residue 
dissolved in dichloromethane (15 ml). The organic layer was washed with saturated 
sodium hydrogen carbonate (2 x 15 ml), dried over magnesium sulfate and concentrated 
in vacuo to give the crude product as an opaque oil. The oil was purified by flash 
column chromatography using a graded elution from 20% ethyl acetate in petroleum 
ether to remove the impurities increasing to 50% ethyl acetate in petroleum ether to give 
(±)-trans-2-(I-(2,2-bis·( carboxyethyl)ethyl»-3-carboxycycIopentan-l-one (40) as a 
colourless oil. (0.25g, 50%); Urnax (fihn) / cm'! 2981 (C-H), 1751 (aldehyde C=O), 
1733 (ester C=O), 1702 (ketone C=O); oH(250 MHz, CDCh) 9.75 (lH, s, 6-H), 4.15 
(4H, m, 10-H2 and 13·H2), 3.68 (lH, t, J9. 86.3 Hz, 8-H), 2.25 (2H, m, 7-H2)' 2.2-1.8 
(4H, m, 5-H2 and 4-H2)' 1.25 (6H, m, ll-H3 and 14-H3); oc(250 MHz, CDCb) 215.1 
(I-C), 200.7 (6-C), 169.9 (9-C and 12-C), 61.3 (lO-C and 13-C), 54.5 (8-C), 49.5 (2-C), 
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46.4 (3-C), 38.1 (7-C), 27.0 (5-C), 24.8 (4-C), 14.5 (l1-C and 14-C); mlz (El) 
284.30621 (M+); C!4H2006 requires 284.30644. 
METHOD 2: 
I 0 
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o 0 
i) 0 3, DCMlMeOH 
ii) DMS, DCMlMeOH 
16 
.. s 
o 
, ,I,: ,).r' 
:')-0 
o 0 \.....-'4 13 
40 
A solution of (±)-trans-2-(I-(2,2-bis-( carboxyethyl)ethyl»-3-vinylcyc1opentan-l-one 
(0.5g, 1.77 mmol) (16) in dichloromethane (15 ml) and methanol (5 ml) at -78°C was 
treated with ozone (50 Ih'!, 200 V) for 45 minutes until the blue colour of excess ozone 
persisted. Nitrogen was then bubbled through the mixture for ten minutes followed by 
the dropwise addition of dimethyl sulfide (1.10g, 1.3 ml, 17.7 mmol, [10 equiv.)) at 
-78°C. The reaction mixture was allowed to warm to room temperature and left to stir 
for 16 hours. The solvent and excess dimethyl sulfide were removed in vacuo and the 
residue dissolved in dichloromethane (15 ml). The organic layer was washed with 
saturated sodium hydrogen carbonate (2 x 15 ml), dried over magnesium sulfate and 
concentrated in vacuo to give the crude product as an opaque oil. NMR spectroscopy of 
the oil shows only a trace of (±)-trans-2-(I-(2,2-bis-(carboxyethyl)ethyl»-3-
carboxycyc1opentan-l-one (40). 
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A solution of (±)-trans-2-(I-(2,2-bis-( carboxyethyl)ethyl))-3-vinylcyclopentan-I-one 
(0.5g, 1.77 mmol) (16) in methanol (25 ml) at -7SoC was treated with ozone (50 Ih'I, 
200 V) for 45 minutes until the blue colour of excess ozone persisted. Nitrogen was 
then bubbled through the mixture for ten minutes followed by removal of the solvent in 
vacuo. A high vacuum was used to prevent the temperature of the crude mixture from 
increasing too much. The residue was dissolved in dichloromethane (25 ml) and cooled 
to -7SoC before the dropwise addition of dimethyl sulfide (1.10g, 1.3 ml, 17.7 mmol, 
[10 equiv.]). The reaction mixture was allowed to warm to room temperature and left to 
stir for 16 hours. The solvent and excess dimethyl sulfide were removed in vacuo and 
the residue dissolved in dichloromethane (IS ml). The organic layer was washed with 
saturated sodium hydrogen carbonate (2 x IS ml), dried over magnesium sulfate and 
concentrated in vacuo to give the crude product as an opaque oil. The oil was purified 
by flash column chromatography using a graded elution from 20% ethyl acetate in 
petroleum ether to remove the impurities increasing to 50% ethyl acetate in petroleum 
ether to give (±)-trans-2-(I-(2,2-bis-( carboxyethyl)ethyl))-3-carboxycyclopentan-I-one 
(40) as a colourless oil. (0.25g,50%). 
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METHOD 4: 
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A solution of (±)-trans-2-(I-(2,2-bis-( carboxyethyl)ethyl»-3-vinylcyclopentan-l-one 
(O.5g, 1.77 mmol) (16) in dichloromethane (25 ml) at -78°C was treated with ozone (50 
Ih- I , 200 V) for 45 minutes until the blue colour of excess ozone persisted_ Nitrogen 
was then bubbled through the mixture for ten minutes followed by the addition of 
triphenylphosphine (232g, 8.87 mmol, [5 equiv.]) at -78°C. The reaction mixture was 
allowed to warm to room temperature and left to stir for 16 hours. The solvent was 
removed in vacuo and the residue dissolved in dichloromethane (IS ml). The organic 
layer was washed with saturated sodium hydrogen carbonate (2 x IS ml), dried over 
magnesium sulfate and concentrated in vacuo to give the crude product as an opaque 
oil. The oil was purified by flash column chromatography using a graded elution from 
20% ethyl acetate in petroleum ether to remove the triphenylphosphine oxide, 
increasing to 50% ethyl acetate in petroleum ether to give (±)-trans-2-(I-(2,2-bis-
(carboxyethyl)ethyl»-3-carboxycyclopentan-I-one (40) as a colourless oil. (O.275g, 
55%). 
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3.10 OXIDATIVE CLEAVAGE 
3.10.1 Use of Osmium Tetroxide: 
I 0 ",,~OEt 
" OEt 
o 0 
16 
OS04' NMO, pyr, 
e. 
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To a stirred solution of (±)-trans-2-(1-(2,2-bis-(carboxyethyl)ethyl»-3-
vinyIcycIopentan-1-one (0.564g, 2,0 mmol) (16), N-methylmorphoIine oxide (0,47g, 4,0 
mmol, [2 equiv,]) and pyridine (O.lg, 0,16 ml, 2,0 mmol) in acetone (2,0 ml) and water 
(1.0 ml) at room temperature, was added a solution of osmium tetroxide (0,051g, 0,2 
mmol, 10 mol%) in tert-butanol (2,0 ml), Even after seven days only starting material 
was present 
3.10.2 Use of AD-Mix-a.: 
OH 
I 0 ",,~OEt 
" OEt 
o 0 
AD-Mix-cx 
, 
10 
, ,,:,' go~r" 
7 8 
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To a stirred solution of (±)-trans-2-(1-(2,2-bis-(carboxyethyl)ethyl»-3-
vinylcycIopentan-1-one (0,564g, 2,0 mmol) (16) in tert-butanol (5 ml) and water (5 ml) 
at O°C was added AD-mix-a. (2,81g, contains K3Fe(CN)6 (L97g, 6,0 mmol), K2C03 
(0,828g, 6,0 mmol), (DHQhPhal (16.14 mg, 0.01 mmol) and K20s(OH)4 (1.47 mg, 
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0.002 mmol» and the mixture left to stir. Even after 5 days and warining to room 
temperature only starting material was present. 
3.10.3 Use of Ruthenium Trichloride and Sodium Periodate: 
OH 
0 ,~OE< RuCI3• NaIO~ 
-i=r-H 0 " " OEt 
0 0 0 0 o ~ 
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To a stirred solution of (±)-trans-2-( 1-(2,2-bis-( carboxyethy I)ethy 1»-3-
vinylcyc1opentan-l-one (0.564g, 2.0 mmol) (16) in ethanol (5.0 ml) was added sodium 
periodate (1.7g, 8.0 mmol, [4 equiv.]) in water (5.0 ml). To this was then added 
ruthenium trichloride (20.0 mg, 0.1 mmol, [0.05 equiv.] or 0.21g, 1.0 mmol, [0.5 equiv.] 
or 0.41g, 2.0 mmol) and the mixture left to stir at room temperature. No reaction had 
occurred after seven days. 
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3.10.4 Use oCPotassium Permanganate: 39 
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To a stirred solution of (±}-trans-2-(I-(2,2-bis-( carboxyethyl}ethyl}}-3-
vinyIcycIopentan-l-one (0.564g, 2.0 mmol) (16) in dichloromethane (20.0 ml) cooled in 
an ice bath, was added dropwise a freshly prepared solution of potassium permanganate 
(0.474g, 3.0 mmol, [1.5 equiv.)), benzyltriethylammonium chloride (0.68g, 3.0 mmol, 
[1.5 equiv.)) in dichloromethane (20.0 ml) at such a rate that the temperature was 
maintained at 0-3°C (40-50 minutes). After the addition was complete, stirring was 
continued until the solution had tumed dark brown indicating the complete consumption 
of the permanganate ion (ca. 1 hour). The mixture was quenched by a 3% sodium 
hydroxide solution (30.0 ml) and the mixture left to stir for 16 hours. The two layers 
were separated and the organic layer dried over magnesium sulfate and concentrated in 
vacuo to give a crude oil. NMR spectroscopy of the crude oil shows a complex mixture 
of products. 
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3.11 WITTIG REACTION 
3.11.1 (±)-trans-2-(I-(2,2-Bis( carboxyethyl»-3-(I-trans-2-
carboxymethylethenyl»cyclopentanone (46): 
o 
.. :, ~O OEt + Phi~ Br-
" OMe OEt 
o o 
40 45 
o 
46 
To a stirring solution of carbomethoxymethylphosphonium bromide (0.44g, 1.06 mrnol, 
[3 equiv.]) (45) in freshly dried THF (4.0 ml) at O°C was added a l.3M solution of sec-
butyl lithium (0.8 ml, 1.06 mmol, [3 equiv.]). A solution of (±)-trans-2-(1-(2,2-bis-
(carboxyethyl)ethyl»-3-carboxycyclopentan-l-one (O.1g, 0.35 mrnol) in freshly dried 
THF (2.0 ml) was then added dropwise. The mixture was stirred at O°C for 2 hours 
before being allowed to warm to room temperature and stirred for a further hour. The 
reaction mixture was then diluted with a saturated solution of ammonium chloride (25.0 
ml) and the organic layer separated. The aqueous layer was extracted with diethyl ether 
(3 x 25 ml) and the combined organic extracts were washed with brine (25 ml), dried 
over magnesium sulfate and concentrated in vacuo to give a dark yellow oil. The oil 
was purified by flash column chromatography using 20% ethyl acetate in petroleum 
ether as eluent to give (±)-trans-2-(I-(2,2-bis(carboxyethyl»-3-(1-trans-2-
carboxymethylethenyl)cyc1opentanone (46) as a colourless oil. (O.lg, 80%); Urnax 
(film) I cm-I 3060 (C=C-H), 2928 (C-H), 1736 (C=O), 1727 (C=O), 1660 (C=C) and 
1158 (C-O); oH(250 MHz, CDCI3) 6.85 (!H, dd, h. 6 15.7 Hz and J6. 3 8.2 Hz, 6-H), 
5.86 (!H, d, h. 6 15.7 Hz. 7-H), 4.21-4.15 (4H, m, 13-H2 and 16-H2), 3.94 (!H, t, Jl1.IO 
7.1 Hz, 1 I-H), 3.70 (3H, s, 9-H3), 2.37-2.05 (8H, m, 2-H, 3-H, 4-H2, 5-H2 and 10-H2), 
1.25 (6H, t, J14• 13 and J17• 16 7.1 Hz, 14-H3 and 17-H3); mlz (El) 340.36970 (M+); 
C17H24~ requires 340.37000. 
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3.11.2 (± )-trans-2-(I-(2,2-bis( carboxyethyl)-pen ta-4-en e )-3-vinylcycJopen tan on e 
(47): 
18 
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To a stirring solution of (±)-trans-2-(I-(2,2-bis-(carboxyethyl)ethyl»-3-
vinylcyclopentan-I-one (0.564g, 2.0 mmol) in freshly dried THF (10.0 ml) at -78°C, 
was added dropwise a 1.0M solution of LHMDS in THF (2.2 ml, 2.2 mmol, [1.1 
equiv.]) and the reaction mixture stirred at -78°C for thirty minutes. Allyl iodide 
(1.68g, 0.92 ml, 10.0 mmol, [5 equiv.]) was added dropwise, the reaction mixture 
allowed to reach room temperature and stirred for a further twelve hours. The reaction 
mixture was then poured into water (50 ml), the organic layer was separated and the 
aqueous layer extracted with dichloromethane (3 x 50 ml). The combined organic 
extracts were washed with brine (50 ml), dried over magnesium sulfate and 
concentrated in vacuo to give a crude orange oil. Purification by flash column 
chromatography using 10% ethyl acetate in petroleum ether as eluent gave (±)-trans-2-
(l-(2,2-bis(carboxyethyl)-penta-4-ene)-3-vinylcyclopentanone (47) as a yellow oil. 
(0.47g,73%); U max (film)/cm,1 3077 (C=C-H), 2980 (C-H), 1725 (C=O), 1639 (C=C) 
and 1215 (C-O); oH(250 MHz, CDCh) 5.82-5.55 (2H, m, 6-H and 17-H), 5.10-4.92 
(4H, m, 7-H2 and 18-H2), 4.27-4.00 (4H, m, 11-H2 and 14-H2)' 2.62 (2H, d,J2, 82.7 Hz, 
8-H), 2.64-1.69 (8H, m, 2-H, 3-H, 4-H2, 5-H2 and 16-H2), 1.23 (6H, t, 12-H3 and 
15-H3); mlz (El) 322.39762 (Ml; Cl8H2605 requires 322.39781. 
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3.11.3 (± )-trans-2-(1-(2,2-Bis( carboxyethyl)-b u taldehyde )-3-formylcyclopen tan on e 
(48): 
1,,10E' 
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A stirring solution of (±)-trans-2-(I-(2,2-bis(carboxyethyl)-penta-4-ene)-3-
vinylcyclopentanone (OAOg, 1.25 mmol) (47) in dichloromethane (15 m!) at -78°C was 
treated with ozone (50 lh-t, 200V) for one hour until the blue colour of excess ozone 
persisted. Nitrogen was bubbled through the solution for ten minutes followed by the 
dropwise addition of dimethyl sulfide (0.78g, 0.92 ml, 12.5 mrnol, [10.0 equiv.]) at 
-78°C. The reaction mixture was allowed to reach room temperature and stirred for 
sixteen hours. The solvent and excess dimethyl sulfide were removed in vacuo and the 
residue dissolved in dichloromethane (15 ml). The organic layer was washed with 
saturated sodium hydrogen carbonate (2 x 15 ml), dried over magnesium sulfate and 
concentrated in vacuo to give a crude yellow oil. Purification by flash column 
chromatography using 10% ethyl acetate in petroleum ether as eluent gave (±)-trans-2-
(1-(2,2-bis(carboxyethyl)-butaldehyde)-3-formylcyclopentanone (48) as a colourless oil. 
(0.12g, 30%); U rn•x (film) I cm-l 2983 (C-H), 1729 (C=O), 1251 (C-O); oH(250 MHz, 
CDCb) 9.85 (lH, t,Jl5.l6 2.7 Hz, 16-H), 9.72 (lH, d,J6• 3 7.0 Hz, 6-H), 4.31-4.08 (4H, 
m, 10-H2, 13-H2), 3.14 (2H, d, J7.2 2.7 Hz, 7-H2), 3.03-1.86 (8H, m, 2-H, 3-H, 4-H2, 5-
H2 and 15-H2), 1.32-1.20 (6H, m, ll-H3, 14-H3); mlz (El) 326.34329 (Ml; Cl6H2207 
requires 326.34332. 
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3.12 C-13 OXYGENATED DIENE SYNTHESIS 
3.12.1 Ethyl (E)-4-oxo-2-pentenoate (53): 
o 
~C02Et 
52 
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To a stirring solution of ethyl levulinate (20.32g, 20 ml, 141.11 mmol) (52) in dry 
dichloromethane (200 ml) at O°C was added dropwise over two hours a solution of 
bromine (22.57g, 7.28 ml, 141.11 mmol) in dichloromethane (100 ml) with the 
temperature being maintained at O°C. After two hours at O°C the ice bath was removed 
and the reaction mixture allowed to warm to room temperature. The mixture was 
washed with saturated sodium bicarbonate (4 x 50 ml), the organic layer dried over 
magnesium sulfate and concentrated in vacuo to give a crude orange oil (33.94g). The 
crude brominated product was then dissolved in dichloromethane (200 ml) and 
triethylamine (21.38g, 39.45 ml, 211.67 mmol, [1.5 equiv.]) added dropwise. The 
reaction mixture was heated at reflux for to hours, allowed to cool to room temperature 
and washed with dilute hydrochloric acid (1.0M, 2 x 60 ml), water (60 ml) and brine (60 
ml). The combined aqueous washings were extracted with dichloromethane (2 x 50 
ml), the combined organic extracts dried over magnesium sulfate and concentrated in 
vacuo to give a crude orange oil (25.04g). Purification by flash column 
chromatography using 25% ethyl acetate in petroleum ether as eluent yielded ethyl (E)-
4-oxo-2-pentenoate (52) as a pale yellow oil. (18.37g,92%); Umax (film) I cm·l 2985 
(C-H), 1726 (C=O), 1705 (C=O), 1690 (C=O), 1642 (C=C), 1263 (C-O); oH(400 MHz, 
CDCI3) 6.88 (!H, d, J3, 4 16.1 Hz, 3-H), 6.51 (!H, d, J4, 3 16.1 Hz, 4-H), 4.13 (2H, q, J6, 7 
7.3 Hz, 6-H2), 2.22 (3H, s, I-H3), 1.19 (3H, t, J7, 67.3 Hz, 7-H3); oc(100 MHz, CDCh) 
198 (C-5), 166 (C-2), 140 (C-4), 131 (C-3), 62 (C-6), 28 (C-l), 14 (C-7); mlz (El) 
142.15309 (M"'); C7H 1003 requires 142.15322. 
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3.12.2 Ethyl (2E)-4-(triisopropylsilyloxy)-2,4-pentadienoate (54): 
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To a stirring solution of ethyl (E)-4-oxo-2-pentenoate (7.10g, 50.0 mmol) (53) and 
triethylamine (7.6g, 10.43 ml, 75.0 mmol, [1.5 equiv.]) in dry diethyl ether (60 ml) at 
O°C and under a nitrogen atmosphere was added dropwise freshly prepared TIPSOTf 
(16.85g, 11.92 ml, 55.0 mmol, [1.1equiv.]). The reaction mixture was allowed to warm 
to room temperature and stirred for a further fifteen hours. The mixture was then 
diluted with diethyl ether (50 ml) and the lower salt phase removed. The organic layer 
was washed with saturated sodium hydrogen carbonate (2 x 25 ml) an water (2 x 25 ml), 
dried over magnesium sui fate and concentrated in vacuo to give a crude oil. 
Purification by flash column chromatography using 10% ethyl acetate in petroleum 
ether yielded ethyl (2E)-4-(triisopropylsilyloxy)-2,4-pentadienoate (54) as a yellow oil. 
(12.82g,86%); \)rnax (film) I cm·1 2942 (C-H), 1720 (C=O), 1640 (C=C), 1590 (C=C), 
1250 (C-O), 1158 (C-O), 1030 (Si-O); oH(250 MHz, CDCh) 7.07 (lH,d, J3,2 15.2 Hz, 
3-H), 6.18 (lH, d, J2,3 15.2 Hz, 2-H), 4.65 (2H, s, 5-H2), 4.22 (2H, q, J6, 77.1 Hz, 6-H2), 
1.27 (3H, t, J7, 6 7.1 Hz, 7-H3), 1.12-1.05 (2lH, m, «CH3)zCH)3Si); oc(63 MHz, 
CDCh) 167 (1-C), 158 (2-C), 142 (3-C), 118 (4-C), 101 (5-C), 60 (6-C), 17 (7-C), 14 
«(£H3hCH)3Si), 12 «(CH3hCH)3Si); mlz (El) 298.49493 (M'); C16H3003Si requires 
298.49471. 
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3.12.3 (2E)-4-(triisopropylsilyloxy)-2,4-pentadien-l-ol (SS): 
OTIPS 
~COEt 2 
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To a stirring solution of ethyl (2E)-4-(triisopropylsilyloxy)-2,4-pentadienoate (11.92g, 
40.0 mmol) (54) in freshly dried THF (80 ml) at -78°C and under a nitrogen atmosphere 
was added dropwise a 1.5M solution of DIBAL in toluene (64.0 ml, 96.0 mmol, [2.4 
equiv.]). The reaction mixture was stirred for a further 1.5 hours, allowed to reach room 
temperature and then carefully diluted with saturated sodium potassium tartrate (75 ml). 
The mixture was filtered through a celite pad and washed through with dichloromethane 
(75 ml). The organic layer was separated and the aqueous layer extracted with 
dichloromethane (3 x 75 ml). The combined organic extracts were dried over 
magnesium sulfate and concentrated in vacuo to give a crude pale yellow oil. 
Purification by flash column chromatography using 25% ethyl acetate in petroleum 
ether yielded (2E)-4-(triisopropylsilyloxy)-2,4-pentadien-l-ol (55) as a pale yellow oil. 
(8.91g,87%); U max (film) I cm-I 3350 (O-H), 2950 (C-H), 1655 (C=C), 1587 (C=C), 
1093 (C-C), 1031 (Si-O), 880 (Si-O); oH(250 MHz, CDCh) 6.13-6.09 (2H, m, 2-H 
and 3-H), 4.15 (lH, s, 5-H), 4.11 (lH, s, 5H), 4.07 (2H, d, J1• 25.3 Hz, I-H2), 0.97-0.93 
(21H, m, «CH3)2CH)3Si); oc(63 MHz, CDCh) 129 (3-C), 128 (2-C), 94 (5-C), 67 
(4-C), 62 (1-C), 17 «(gH3hCH)3Si), 12 «(CH3M~H)3Si); mlz (El) 256.45800 (M+); 
C14H28~Si requires 256.45783. 
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3.12.4 (2E)-4-(triisopropyJsilyJoxy)-2,4-pentadienyJ acetate (56): 
OTIPS 
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To a stirring solution of (2E)-4-(triisopropylsilyloxy)-2,4-pentadien-l-01 (7.68g, 30.0 
mmol) (54) and DMAP (0.18g, 1.5 mmol, 5 mol%) in dry dichloromethane (50 ml) was 
added triethylamine (3.33g, 4.6 ml, 33.0 mmol, [1.1 equiv)), followed by acetic 
anhydride (3.36g, 3.11 ml, 33.0 mmol, [1.1 equiv.)) and the reaction mixture stirred for 
a further twelve hours. The mixture was then washed with saturated sodium hydrogen 
carbonate (3 x 75 ml), the organic layer separated and combined aqueous washings 
extracted with dichloromethane (2 x 75 ml). The combine organic extracts were dried 
over magnesium suI fate and concentrated in vacuo to give a crude brown oil. 
Purification by flash column chromatography using 25% ethyl acetate in petroleum 
ether as eluent yielded (2E)-4-(triisopropylsilyloxy)-2,4-pentadienyl acetate (56) as a 
pale yellow oil. (8.4g,94%); U m•x (film) / cm·l 2940 (C-H), 1740 (C=O), 1657 (C=C), 
1587 (C=C), 1380 (O-CO-CH3), 1243 (C-O), 1030 (Si-O), 883 (Si-O); oH(250 MHz, 
CDCb) 6.20-6.12 (2H, m, 3-H and 4-H), 4.65 (2H, s, I-H2)' 4.35 (2H, d,Js•4 7.2, 5-H2), 
2.1 (3H, s, 7-H3), 1.21-1.11 (2IH, m, «CH3)2CHhSi); oc(63 MHz, CDCb) 154.7 (6-C), 
131.5 (2-C), 123.7 (3-C), 115.9(4-C), 109.3(1-C), 64.2 (5-C), 22.6 (7-C), 17.9 
«(gH3hCHhSi), 12.2 «(CH3)2CH)3Si); mlz (El) 298.49468 (M1; Cl6H3003Si requires 
298.49471. 
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3.13 (±)-2-(I-(2,2-BIS-(CARBOXYETHYL)ETHYL»-2,3-EPOXYCYCLOPENTAN-I-0NE 
(57): 
OEt 
OEt 
o 
16 57 
9 
~IO 
o 
o 
'-----13 
" 
To methanol (5 ml) at O°C was added sodium hydroxide (4.0 mg, 0.1 mmol, [0.1 
equiv.]) and hydrogen peroxide (0.151g of a 27% aqueous solution, 1.2 mmol, [1.2 
equiv.]) before a solution of (±)-trans-2-(1-(2,2-bis-(carboxyethyl)ethyl»-cyc1open-2-
en-I-one (0.254 g, 1.0 mmol) in methanol (2 ml) was added. After two hours water (5 
ml) was added and the solution extracted with dichloromethane (3 x 15 ml). The 
combined organic extracts were dried over magnesium sulfate and concentrated in 
vacuo to give (57) as an opaque oil. (0.20g,74%); Urn• x (film)/cm·1 1736 (C=O), 1702 
(C=O), 1225 (C-O); oH(250 MHz, CDCh) 4.1 (4H, m, 9-H2 and 12-H2), 3.68 (lH, t, 
7-H), 2.56 (2H, m, 6-H2), 2.5 (lH, d, 3-H), 2.16 (2H, m, 5-H2), 2.05 (2H, m, 4-H2), 1.25 
(6H, m, 12-H3, and 15-H3); mlz (El) 270.27953 (M'); C13H1s06 requires 270.27977. 
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